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Open-front livestock shelters have become an important 
type of structure on farms in the United States. They are 
popular in hot-weather regions because they can be oriented 
to take advantage of prevailing winds for ventilation during 
hot weather. Open-front shelters are acceptable for cold-
weather use by mature beef and dairy cattle because producers 
of livestock and dairy products have found that close control 
of temperatures is not essential to satisfactory production. 
The open front permits readier access to the shelter space by 
livestock and equipment for moving in materials to be stored 
or for cleaning the shelter space. According to an estimate 
by the Farm Buildings Specialist of the Iowa Agricultural 
Extension Service, during an informal conference with the 
writer on February 1, 1955, based on general observation of 
farm building construction activity in Iowa, at least one-
half of all recent cattle shelter construction was of the 
open-front, pole type. 
Knowledge of forces developed on open-front shelters by 
wind is essential to persons who are responsible for prepar­
ing designs and plans for distribution to farmers and 
builders. Insurance underwriters have sometimes been of the 
opinion that open-front shelters were more susceptible to 
2 
damage during windstorms than fully enclosed buildings. For 
instance, Kreuger and Harrington (33) reported that insurance 
rates for ''pole-type" farm structures open on one side were 
approximately nine times the rates for fully-enclosed farm 
buildings. However, it is not known whether this rate 
schedule is realistic, or is the result of undue pessimism 
not supported by adequate information. Carpenter and 
Krewatch (7a) reported that hurricane Hazel in October, 195^, 
caused no damage to "good" pole construction in open-front 
machinery and other shelters. 
Severe windstorms usually result in widespread damage to 
farm structures, especially shelters which are relatively free 
of internal walls to stiffen the structure. Dodge and 
Molander (14) reported that Hurricane Hazel, in October of 
195^} caused farm losses in Delaware and Maryland estimated as 
fifteen million dollars and nine million dollars respectively. 
Theakston and Walpole (52a)surveyed damage occuring to farm 
buildings during a series of tornadoes in Southwestern 
Ontario on Kay 21, 1953• They estimated that although barns 
directly in the path of the tornadoes were unable to escape 
destruction, proper design and construction practices could 
have diminished or minimized damage to barns and other build­
ings on the fringes of the tornadoes. 
Accurate knowledge of wind effects on open buildings 
could lead to more economical designs with more efficient use 
of construction materials ; or designs that are more resistant 
to windstorm damage than those which are presently used. For 
example, it has been estimated by Hazen and Kelson (26) that 
the potential savings due to reduced maintenance of cattlc 
shelters in Iowa that could result from improved accuracy of 
design to resist windstorm effects could amount to 525*000 
dollars each year. Potential savings in new construction of 
open-front livestock shelters in Iowa arising from more pre­
cise Knowledge of wind force effects on such shelters were 
estimated to amount to 65,000 dollars annually. 
These foregoing considerations seemed to indicate a need 
for greater refinement of knowledge of wind effects on open-
front livestock shelters. The present study was undertaken 
to partially supply this need. The specific problem toward 
which this study was directed was the evaluation by the use 
of models in a wind tunnel of the reactions which must be 
developed on the roof and wall surfaces to resist the force 
effects arising from a simulated natural wind blowing into 
the open side of a typical open-front livestock shelter. 
Because open-front livestock shelters may vary with regard to 
shape, size, ventilation openings, and upwind barrier condi­
tions, a study of how wind force reactions are changed by 
these shelter variables was considered to have an important 
role in evaluation of wind force effects. 
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The Mature of the Problem 
The objective of the present study was the determination 
of the reactions developed on roof and wall components to 
resist wind blowing into the open front of a livestock shel­
ter. Particular aspects of the problem were considered in 
the review of literature and the experimental investigation 
and analyses. 
Design wind speed 
The choice of design wind speed is generally made by 
the designer of a structure. If this choice is inappropriate 
to the winds which will later occur against the complete 
structure, efforts for greater precision in computation of 
wind force effects due to wind of a definite velocity can 
be negated to a large extent. 
Variation of wind speed with height 
It is well known that wind speed increases with height. 
The nature of this variation is not necessarily the same from 
one geographic location to another, nor from one time of 
occurence to another at the same geographic location. It 
appears that the way in which wind speed varies with height 
above ground is of fundamental importance in a study of wind 
force effects, particularly for low structures which are 
mostly in the zone of influence of topography on wind speed 
near the ground. 
Model similarity and validation requirements 
The use of models in experiments to obtain valid informa 
tion for application to prototype structures requires that 
similarity exist between the model and the prototype in all 
of the variables which are pertinent to the behavior of the 
physical system. This requires accurate insight on the part 
of the investigator so that he can identify the kind of physi 
cal system that must be studied, and then identify the 
variables that characterize the system. Thus, a model study 
becomes partly subjective. Therefore, it seems highly 
desirable to validate the results obtained in model studies 
by measurements on a prototype which can be compared with 
predicted values from the model experiments and analyses. 
Technique for measurement of wind force effects 
Adequate replications of measurements in combination 
with measurement of a considerable number of variables would 
seem to call for a wind force measuring technique that would 
enable adequate data to be obtained without undue expendi­
ture of time in collecting and analyzing the data. 
REVIEW OF LITERATURE 
Wind Structure 
Boundary layer theory 
It is well known that wind speed varies with height above 
the ground. Considerations of the nature of the variation of 
wind speed with height are generally based on theoretical and 
experimental investigations of the character of flow in the 
boundary layer that exists during fluid flow over a flat 
plate. Contributions have been made in the fields of theo­
retical and applied mechanics, geophysics, microclimatology, 
and micrometeorology. 
Early developments in boundary layer theory were con­
tributed by Prandtl (40, pp.356-364). He recognized a 
historical development related to the problems of frictional 
wind by Th. Hesselberg and K. V. Sverdrup as early as 1913-
1916. Prandtl (40, p. 359) deduced that as wind speed 
increases, the height of the frictional layer increases almost 
in proportion to the increase in speed. A rational develop­
ment of a general expression for the variation of velocity 
with height above a flat plate for fluid flow in which 
shearing stresses exist in the boundary layer due to momentum 
transfer as well as viscous forces has been prepared by 
Prandtl (40). Inasmuch as Prandtl's development has been the 
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basis for almost all of the experimental investigations that 
have been done on the variation of wind speed with height 
above ground, it is outlined in the treatment that follows. 
Prandtl1 s development is based on a momentum theorem for 
two-dimensional flow with fluctuating instantaneous velocity 
but a constant mean value, so that the general flow is 
steady (pp. 84-86). The momentum theorem is then related to 
the vertical distribution of velocity by introduction of a 
mixing length term which is indicative of the distance 
traveled in a vertical direction by the individual particles 
or eddies in Imparting or mixing their velocity with that of 
the main stream (pp. 117-113). The expression for shearing 
stress due to momentum transfer is then (p. 119), 
or 
where 
A - exchange coefficient, 
/ 
1*= unit shearing stress due to momentum 
transfer, 
ç = density of the fluid, 
Jl = mixing length, 
U-m = mean velocity in horizontal direction, 
(j = vertical ordinate. 
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Next, (pp. 124-12.8), the general expression for shearing 
stress due to viscous forces as well as momentum exchange, 
r 
= />• Vf + eJ*(j0 ' 
T= unit shearing stress due to viscous 
forces and momentum transfer, 
JJL = viscosity, 
is considered. When well-developed turbulent flow prevails, 
the laminar boundary layer in which the viscous forces exist 
is so thin that it may be disregarded ; and for the shearing 
stresses just outside this very thin sublayer, the expression 
"""" r, e £{^)' , 
In order to obtain a solution for this equation, the assump­
tion was made that mixing length is proportional to distance 
from the wall, which is in accord with observation. Also, 
since the general flow is assumed to be steady and two-
dimensional, *dUL da 
so that 




~V - "^locity, 
= proportionality factor between mixing 
length and distance from the plane 
or 
k = 1 /y 
This expression relating distribution of velocity in the 
direction of the general flow to distance from the wall is 
suitable for large values of Reynolds' number. Prandtl 
finally arrived at a general expression for the variation of 
velocity with distance from the plane for the case where 
viscous forces are important by deducing that the quantity 
1must be a length characteristic of flow close to the 
kinematic viscosity. This length characteristic was intro­
duced into the expression for velocity obtained for the 
special case of shear due only to momentum transfer to 
obtain a general expression for variation of velocity with 
distance from the plane, 
plane where viscous forces predominate. Here 
; 
where universal constant. Prandtl then noted that the 
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IV «V; 
parameter x must be a universal function of ' V  ,  
with k and C} being universal constants. He presented a 
plot based on experimental data (p. 128), which indicated 
that this universality does exist. 
For turbulent wind flow over the ground, Prandtl (40, 
p. 359) gave the expression for wind speed as a function of 
height above the ground, 
U„= % (5-75 Log,, % + C2 ) , 
where 
U*, = wind velocity at height z, 
Z = height above ground, 
k = height of irregularities, such as 
vegetation, houses, or other objects, 
C2 = a universal constant which varies be­
tween 5 and 5-5. 
This last expression is identical in form with the universal 
expression for variation of velocity with distance from a 
plane for the general case where shearing stresses exist in 
the boundary layer due to viscous forces and momentum trans­
fer. Prandtl pointed out that as an approximation to the 
more exact expression for velocity distribution, velocity can 
be considered to vary as the seventh root of distance from the 
boundary for values of Reynolds' number up to about 10-5. j?or 
greater Reynolds' numbers, the velocity is approximately 
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proportional to the eighth, ninth, and tenth roots of dis­
tance from the boundary. These conclusions have been veri­
fied experimentally. 
Later investigators seem to have based their work on 
the theory developed or correlated by Prandtl. Sutton (50, 
pp. 701-710) recognized that in a turbulent fluid such as 
the lower atmosphere, the diffusion of momentum is dominated 
by eddies in the wind. These were regarded as distinct 
masses which in a macroscopic sense behave like molecules in 
the kinetic theory of gas. Sutton's approach was to treat 
the mixing of the eddy and the accompanying transfer of 
momentum to surrounding fluid as a continuous process that 
occurs along the entire path of the eddy as it moves in a 
vertical direction. He arrived at an expression for varia­
tion of wind speed with height which has the form 
Z = height above ground, 
n = dimensionless positive number which 
can vary from zero to unity, and 
depends on the degree of turbulence. 
Sutton was of the opinion that, based on a considerable 
where 
W- = mean velocity at height z, 
U.{ = mean velocity at reference height z , 
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amount of research, the expression that he developed as above 
represented the wind structure, except perhaps within a few 
centimeters of the ground. In a further treatment of momen­
tum exchange in a turbulent boundary layer, Sutton (50, pp. 
711-712) pointed out that in the power law with an exponent 
the value of the exponent of 1/7 results in a value of "n,: 
of 1/4; which is in close agreement with experimental results 
for the fluid shearing stress due to momentum exchange in 
turbulent flow. He found later (49, p. 265) that during very 
turbulent air conditions, wind flow varied more with height 
than during laminar wind flow conditions. 
Ekman spiral 
Another solution to the problem of variation of wind 
with height is based on the assumption of laminar wind flow 
and the application of the Mavier-Stokes equation for vis­
cous forces, (Prandtl, 40, p. 357 ) • The viscous forces in 
the wind layer near the earth are equated to the Goriolis 
forces due to rotation of the earth. The solution to the 
differential equations of motion are, for velocity in the 
"u" and ,;v" directions, respectively: 
of 1/7, 
U = U ( I - e § cos (3z) , 
v = (J e sin@z y 
where 
U = velocity outside the zone of viscous 
forces, 
Q = (to/j)) , 
oj' = CO SIN  (p  ,  
CO = absolute angular velocity of earth 
rotation, 
0 = geographic latitude, 
~)) = kinematic viscosity, 
Z = height above the earth's surface. 
Prandtl mentioned that W. Ekman originally presented 
these for calculating ocean currents due to wind in 1922. 
The variation with height of the resultant velocity plots in 
plan as the so-called Ekman spiral. Humphreys (28a, pp. 128-
13^) also developed expressions for the wind velocity as a 
function of height, and compared the results with some actual 
wind speed measurements made at Drexel, Nebraska. Agreement 
in character appeared to exist between the theoretical vari­
ation by the Ekman spiral and the observed data. 
It should be noted that the Ekman spiral assumes that 
viscous forces dominate the velocity variation near the 
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earth's surface ; whereas turbulent momentum exchange is actu­
ally occurring, so that viscosity should be replaced by a 
turbulent momentum exchange coefficient, which will give a 
spiral of different character. This has been pointed out 
by Prandtl (40, p. 357)• 
Humphreys (28a, p. 140) cited Bellman's equation, 
with the recommendation that this expression was preferable 
to the Ekman spiral for computing wind speed in open country 
in the height interval from 16 to 3°° or 400 meters. In the 
foregoing expression, u and uQ are wind velocities at heights 
hand h^, respectively. 
Experimental investigations 
Experimenters in soil erosion and transportation by wind 
have collected observations on the variation of wind speed 
with height above ground. Malina (35^, p. 263) presented plots 
of the logarithm of height above ground versus wind velocity 
for four different kinds of ground cover. These data were 
based on observations by others in a portable soil-blowing 
tunnel. The plots appeared to be linear. There was evidence 
that as the prevailing wind speed increased, the gradient 
increased; i.e., the rate of increase of velocity with height 
was greater at the higher prevailing wind speed. Malina (35a, 
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p. 263) recommended Prandtl's equation, 
)k 
a= 5.75 [r/çYLo%(z/k)} 
for the variation of mean velocity, (J. , of turbulent air 
flowing over a level, unobstructed surface, where 
r = shearing or friction stress on the 
ground, 
^ = air density, 
Z = height above the ground, 
fa = a roughness size factor, usually 
taken as 1/33 to 1/3-0 of the 
average diameter of the surface ele­
ments. 
A logarithmic expression for variation of wind speed 
with height has been developed by Haurwitz (25, pp. 197-199). 
He assumed that the mixing length through which a turbulent 
eddy passes in mixing its momentum with the air stream in­
creases at a linear rate with distance from the earth's 
surface. This led to the logarithmic expression 
û = Lt> (z+20)/z], 
where kQ is a ciimensionless constant with a . value of about 
O.38, and ZQ is a surface roughness parameter. Haurwitz used 
this expression to compute wind speeds which he compared with 
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observations. The agreement seemed to be close. 
Thornthwaite and. Halstead (5^, p. 25C) indicated that 
the weight of experimental evidence favored a logarithmic law 
for variation of wind speed with height above ground.. They 
presented some observations and results which gave a straight 
line plot when the square of velocity was plotted against the 
logarithm of height. It was observed that data for night­
time conditions when a temperature inversion existed so that 
the wind layer near the ground, was in a more stable condition 
than during daytime were best fitted by a plot of velocity 
versus logarithm of height. These results led Thornthwaite 
and'Halstead to suggest that a combination of the logarithmic 
and power forms of the expressions for wind velocity might be 
appropriate. They employed an exponent of velocity which 
varied between 0 for fully-developed turbulence, as in the 
daytime with no temperature inversion, to a value less than 
1 « 0 when turbulence is minimized due to stable temperature 
conditions. 
Landsberg (3^) measured wind velocities over a sane dune, 
and applied Prandtl's logarithmic law to the observations. 
Kepner, et al, (32) collected some wind speed profile data in 
and above a citrus orchard at Riverside, California. They 
used their observations to compute a roughness height, z , 
and values of the exponent £'m" in the power law for a wind 
velocity profile, 
1? 
a = K • 
Values of z of one or two feet were obtained for citrus 
orchards ; 0.3 ft. for uniform brush about 3 ft. high; and 
0.06 for open, bare-surfaced land. Values of were 
obtained increasing from 0.32 for velocities of 2 mph at 20 
ft. above ground to 0.43 for velocities of 4 mph at 20 ft. 
They recognized that theoretically the exponent should de­
crease as velocity at the index height increased. 
Geiger (22, p. 103) favored for all practical purposes, 
the power law for the wind velocity profile of the form 
—— _ CL U = U., Z wherein the exponent "a" is determined by actual 
observations. He presented data (p. 3°7) for values of 1/a 
ranging from 3.5 for surfaces with a roughness height of 130 
cm. to 5.0 for surfaces with a roughness height of 3 cm. The 
roughness height is to be regarded as the height above ground 
at which velocity begins to increase exponentially according 
to the power law. The data were considered suitable for 
heights up to $00 cm. and speeds up to 400 cm. per second. 
Geiger (22, p. 106) pointed out that the value of the expon­
ent in the power law should decrease with height except in 
the lowest 1§ meters, at least, where it should be constant. 
He presented additional data (pp. 105-109, 115) which demon­
strated that during temperature inversions which result in 
relatively stable air near the ground, the change in wind 
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speed with height is more pronounced than during periods when 
temperature inversions are absent. With regard to storm 
effects on the variation of velocity with height, Geiger 
stated (p. 116): 
In a storm all differences vanish; the micro­
climate of the ground air is suspended with 
no prejudice to the fact that wind change 
with height is still its characteristic. 
Sutton (48, Chap. 7) discussed both the power law and 
the logarithmic law for variation of wind speed with height. 
He found that the exponent "p" in the power law 
p Û'U, Z 
can have a value of about I/o during large temperature inver­
sions, ranging to about 1/14 during large lapse rates. With 
regard to the logarithmic law of variation of wind with height, 
Sutton (48, p. 231) pointed out that it is valid only when the 
air is homogeneous, or nearly so, with regard to temperature. 
It appears that this condition should prevail during storms, 
when much mixing in the lower wind layers occurs. Sutton 
(p. 231) reviewed the results by other investigators and con­
cluded that the logarithmic law represented actual wind 
profiles with a good degree of accuracy in a wind stream of 
nearly uniform density. He presented data on roughness height 
and shearing velocity, (To /) 2 , for surfaces ranging from 
very smooth to a surface covered with thick grass up to 50 cm. 
high. Sutton (48,"p. 238) presented observed data for the 
wind profile in the layer 5 to 400 ft. which clearly indicated 
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the effect of temperature gradient. The data indicated that 
the exponent in the power law can vary from 0.145 during 
large temperature lapse rates of 2 to 4 Fahrenheit degrees 
between the 400 ft. and 5 ft. levels, to as high as 0.77 dur­
ing large temperature inversions of 10 to 12 Fahrenheit 
degrees. Sutton's summarization pointed out that the power-
law expression for the wind profile is not as accurate as the 
logarithmic form during conditions of temperature homogeneity 
in the air, but that the seventh-root power law is probably 
a satisfactory approximation to the profile in a fairly deep 
layer during neutral air stability. 
Zingg (62) conducted experiments on the wind profile 
over surfaces covered with sand in a wind tunnel. He found 
very close agreement between measured surface shearing stress 
and the shearing stress, , calculated from the Prandtl 
equation 
This circumstance would seem to give further evidence that 
the logarithmic law accurately represents the wind profile 
near the ground during conditions of neutral temperature 
stability. 
Court (12) in a study of wind extremes employed a combin­
ation of the logarithmic and power laws for wind profile. 
20 
V«2= [Lcs(Zi/zJ A»3 (VZ/ 
which he attributed to Thornthwaite and Halstead. He used 
values of p = 2 and zQ = 0.4, which he found to be applicable 
during strong winds, to compute wind velocities between 
heights of 2 ft. and 100 ft. Court believed that the rate of 
change of velocity with height was greater at lower levels. 
Since 1938, structural engineers have been interested in 
more precise estimates of wind velocities at different heights 
above the ground because of the need to make accurate wind-
load analyses, especially in tall buildings which must have 
adequate wind bracing. They have used the relationships 
developed by investigators in micrometeorology to correlate 
observations of velocity at different heights during wind­
storms . 
For example, Sherlock and Stout (44) have studied the 
variation of wind velocity with height during a winter storm 
near Ann Arbor, Michigan, where a special installation of 
pressure-plate anemometers had been erected to obtain data up 
to a height of 250 ft. They concluded that their data fitted 
an Ekman spiral relationship better than either a logarithmic 
or exponential relationship. Later, Subcommittee No. 31 of 
the Committee on Steel of the Structural Division of the 
American Society of Civil Engineers (1) submitted a final 
report based on ten years of study in which recommendations 
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for standard wind loads for the United States were presented. 
The Committee recommended a uniformly distributed design 
pressure of 20 lb. per so. ft. for the first 300 ft, above 
ground. Above 300 ft., it was recommended that the pressure 
be increased 2.5 lb. per sq. ft. for each additional 100 ft. 
Above 300 ft., a velocity increasing according to a power 
law relationship was recommended# 
Whittemore, et al, (58) used the power law expression 
with an exponent of 1/7 to obtain a wind profile for estima­
ting the wind loads on houses of one to three stories. Van 
Erp (56) in a study of wind load standards in Europe ex­
pressed the opinion that the relationship between wind veloc­
ity and height above grade was the same from one geographic 
location to another. 
Sherlock (42) in an analysis of wind velocity observa­
tions during storms at Ann Arbor, Michigan, made a rather 
elaborate study of the application of the Ekman spiral to 
correlate his observations. However, his recommendations for 
a wind profile to use in estimating wind loads on structures 
was based on the power law with an exponent of one-seventh. 
This power law was used for heights greater than 30 ft. 
Between the ground and 3° ft., wind velocity was assumed to 
be constant. Singer and Smith in discussion of Sherlock 
(45b, pp. 492-493) pointed out that Sherlock's 1953 study 
was based on wind speed observations at only one geographic 
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location. They cited data from a meteorological installation. 
at Brookhaven National Laboratory, Long Island, during a storm 
of November 25, 1950, with wind velocity observations at 
heights from 37 ft. to 410 ft. A power law expression with 
an exponent of 0.274 fitted the observations with a mean 
error of only 2 percent. They also reported a study of 
thirteen storms wherein, the power law expression fitted to 
the data had a mean value of the exponent of 0.250. Thomas 
and Presen in further discussion of Sherlock (52b, pp. 494-
496) also questioned the generality of the value of one-
seventh for the exponent in the power law expression. They 
presented evidence for an exponent of 1/5.4, based on data 
up to 400 ft. above the ground. McCormick made a similar 
criticism of Sherlock's (35b) findings, and stated, (p. 498): 
The validity, for the general case, of any 
empirical relationship describing the struc­
ture of low-level wind in one storm sample, 
even a "typical" one, must be looked upon 
with skepticism, 
McCormick also presented evidence for an exponent of 
1/3.6 for the power law expression. 
The Navy Department, Bureau of Yards and Docks, (3) 
in their structural engineering guide, employed a power law 
variation of wind speed with height, with an exponent of 1/7 
to obtain a design wind profile for heights greater than 50 
ft. Below 50 ft., wind speed was assumed to be constant. 
The difficulties in reconciling observed data to the 
1/7th power law were recognized by Collins (11) who proposed 
that the exponent should vary with wind speed. He presented 
a recommendation for values of the exponent increasing from 
Ce19 at an average wind speed of 10 mph at JO ft. to C.31 for 
an average wind speed of ?0 mph at 30 ft. He contended that 
the general application of the l/?th power law could lead to 
considerable error in the design of tall structures and over-
design of low structures. 
The American Standards Association (4l, p. 10) used the 
power law with an exponent of 1/7th to prepare a table of 
wind pressures for various height zones from the lowest zone 
of less than 3" ft. to a zone of 1200 ft. and higher. The 
table is a step-wise approximation to the pressures that 
would result from a velocity profile based on the l/7th power 
law. 
According to O'Neill (38), a standard wind profile has 
been developed for meteorological purposes in England. This 
wind profile is expressed by 
where u^ and u are the wind velocities at heights of 33 ft. 
and h ft. above the ground, respectively. 
Recapitulation 
The foregoing investigations have evidenced the need for 
taking the variation of wind velocity with height into account 
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"Leu wiiid lutiûti un structures are computed. However, it can 
not be said that the observational evidence supports any 
particular expression for the nature of the variation during 
windstorms, nor a particular value of the exponent in the 
power law which apparently is favored by structural engineers 
because it is convenient to use. The expression by Prandtl 
which gives wind speed as a function of the shearing velocity 
and the logarithm of a height ratio seems to be preferred to 
the power law, because the former has rational development, 
but is perhaps somewhat more cumbersome to use. 
For low, one-story buildings, such as an open-front 
livestock shelters, the logarithmic expression as developed 
by Prandtl would appear to be more appropriate than the power 
law, since the former is derived from a rational analysis 
based on the mechanics of shear due to momentum transfer and 
viscosity effects ; which can be expected to vary with the 
nature of ground cover and turbulence near the ground. 
Furthermore, it is supported by considerable experimental 
data obtained in the wind near the ground. The velocity pro­
file in the wind near the ground, say below 1C to 5v ft., is 
probably unimportant to the estimation of loads on tall 
structures; but is the only profile of importance in the 
design of open-front livestock shelters and the majority of 
other farm structures. Therefore, it would appear reasonable 
to employ a logarithmic expression for the wind profile in 
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estimating, wixiû loads on rarm structures. Unfortunately, 
few observations exist of wind speed variations with height 
during storms in the wind between the ground and. 10 to 5C' ' 
ft. It would appear that, if such data could be collected, 
farm structures could be designed to withstand wind effects 
on a more realistic basis than is now available. 
Windstorm Characteristics 
Wind speeds 
Wind speeds expected to exist during the lifetime of a 
structure need to be known before the results of an investi­
gation of wind force effects on open shelters can be applied. 
Also, wind speed may have some bearing on the nature of the 
variation of velocity with height in the wind pattern. 
Therefore, in order to achieve similarity between a model and 
prototype, it would appear well to consider wind speed. 
Records of the U. S. Weather Bureau are generally relied 
upon for data on wind speeds during storms. Unfortunately, 
the anemometers with which the Weather Bureau data have been 
obtained have not been at uniform heights above ground nor 
under uniform exposure conditions. According to Court (12) 
the U. S. Weather Bureau uses three criteria for reporting 
wind speed data. These include (1) the maximum speed, which 
is the greatest average speed over a 5-minute interval; (2) 
the extreme speed, which is the speed of the fastest mile of 
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wind from tne record or rotating amemometers: and (3) the 
strongest gust, which is the highest reading obtained on an 
"instantaneous" recording anemometer, such as the pressure 
type, pitot-tube, or bridled cup anemometers. Court's study 
of wind records for Washington, D. C., one of the few places 
where cup and pitot-tube anemometers operate side-by-side, 
revealed that the strongest gusts are about 1.4 times the 
extreme speed, and about 1.5 times the maximum speed. 
Highest recorded values in these three categories have 
a geographic distribution pattern that can be employed in 
selecting wind speeds for designing structure in known local­
ities. For example, Whittemore et al, (58, p. ?) prepared 
a wind map showing isograms of velocity pressure covering the 
United States. These isograms were based on the maximum wind 
speeds observed at 188 stations in the country. The Navy 
Department, Bureau of Yards and Docks, (3, p. 7) has prepared 
map of extreme wind velocities in the United States for use 
in computing loads on structures erected by the ifevy Depart­
ment . 
Sherlock (43) applied the results of a statistical study 
of gustiness of windstorms at Ann Arbor, Michigan, to data on 
maximum wind speeds recorded by the Weather Bureau. Based on 
these data, he prepared a map (Frontispiece) of recommended 
velocity pressures for the design of low buildings in the 
United States. 
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sectional committee A 5% of the American Standards 
Association (41) has prepared a wind pressure map of the 
United States based on Weather Bureau records through 1951 
for extreme wind speeds (fastest mile of travel). 
Presumably, the Weather Bureau data include few if any 
wind speeds measured in the direct path of a tornado. Accord­
ing to Wilson (59) wind speeds of 200 to 300 mph occur in 
tornadoes. These winds will sweep out a path of nearly total 
destruction from 200 to 1500 ft. in width, according to 
Wilson (59/5 and 15 to 100 yards, according to Court (12). 
It appears to be commonly agreed that it is economically 
unsound to generally design buildings to withstand tornadic 
winds. Court (12, p. 46) found that the chances are about 
1 in 5,000 that a tornado will strike a given square mile in 
any one year, even in the "heart" of the tornado region in 
Midwestern United States. Among the highest non-tornadic 
winds recorded in the United States is a wind of 216 mph 
measured on Mount Washington with a turbine-type anemometer, 
according to Middleton and Spilhaus (36, p. 150). 
Gusts 
Gusts, or localized wind speeds temporarily greater than 
the speed of the main wind stream, are almost always associ­
ated with windstorms, Depending upon the excess speed and 
the horizontal and vertical extent of the gust, wind speed in 
gusts can be critical in the design of buildings to resist 
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Gust wind speeds are related to maximum wind speeds by 
a gust factor, which is defined as the gust speed divided by 
the 5-minute velocity (42). Sherlock and Stout (45a., p. 69) 
studied contours of wind velocity prepared from measurements 
with a horizontal and vertical array of anemometers taken 
during a winter storm near Ann Arbor, Michigan, These con­
tour patterns revealed the existence of gusts and eddies 
with great variations in extent. For example, one well-de­
fined gust in their contour studies for a storm on April 28 
had a horizontal extent of 33° ft. within which the speed was 
40 mph or greater, but an extent of only 90 ft. within which 
the speed was 50 mph or greater. 
Because of the limited time duration of gust, it appears 
that some gusts will not develop the full pressures that 
would be produced by a steady wind of the same speed as the 
gust. Ghaswala (23, p. 64?) cited some earlier work in 
aerodynamics which led him to conclude that a gust must en­
velope a length along its direction of travel of at least 
eight times the corresponding length along its path of a 
structure before the full velocity pressures could be devel­
oped on the structure. The transient nature of gusts has 
been recognized in design wind load recommendations in the 
Netherlands, where, according to Van Erp (56) two ranges of 
velocity pressure have been established including "moderate" 
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and "high.,! The later pressures are of short duration so that 
allowable stresses were increased for resisting these "high" 
pressures. Van Erp (56) found that the absolute maximum wind 
speeds increased with height, but the increase rate was not 
as great as for the average speed. Therefore, the gust fac­
tor should decrease with height. 
Sherlock (42, pp. 473-^81) made an extensive analysis of 
gust measurements at Ann Arbor, Michigan. He concluded that 
a 10-second gust duration was appropriate for structural 
design in view of the rate of envelopment of structures by 
gusts. With regard to gust factors, he recommended that 
gust factor, Fz, be related, to height, z by the expression 
The recommended gust factor, F_0, for thirty-foot elevations 
was found to be 1.5. 
Recurrence intervals of wind extremes 
Farm structures are not usually designed for an indefi­
nite life. Obselescence due to changed needs and development 
of new methods or equipment limit the useable life of most 
open-front and other farmstead service structures to a few 
tens of years. It would appear that advantage might be taken 
of this circumstance by applying the statistical theories of 
probability to the selection of wind speeds to use in computing 
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design pressures. The maximum and extreme wind speeds which 
have been used in preparing wind speed maps do not recur 
annually, but may have recurrence intervals of many decades. 
Economy might be achieved in the design of open-front and 
other similar light structures on farms if design wind loads 
were selected to conform to a definite calculated "risk--
based on the probability of recurrence of the selected wind 
speed during the desired lifetime of the structure. This 
approach has been developed by Court (12), pp. 45-4? . He 
applied the theory of extreme values to analyse wind records 
over a 37-year period from twenty-five first-order Weather 
Bureau stations. Through his analysis, he arrived at a set 
of design wind speeds for structures of various life ex­
pectancies with a 10 percent calculated risk. Such an 
analysis might be further refined to take into account addi­
tional geographic differences in recurrence intervals. The 
question might also be raised as to whether or not a recur­
rence interval and probable deviations therefrom based on 
records from a station at a specific geographic location are 
appropriate for a wide area, such as might be covered by 
distribution of some kind of a "standard" farm building plan. 
It is possible that the farming public might be better served 
by less conservative designs, if widespread economy in cor­
rectly used and assembled materials could be achieved through 




Many open-front and other farmstead buildings are shel­
tered by surrounding fences, trees, or other buildings. 
These barriers can be expected to have a strong effect on 
wind speeds to which farm buildings will be exposed. Geiger 
(22) has presented results of several studies of wind move­
ment through trees. His observations (p. 336) in a 15-meter 
stand of pine trees revealed that during winds of 1 to 2 
meters per second above the tree tops, the speed in the zone 
between the tree tops and the trunk space was reduced to 
about 40 to 6C percent of the speed above the tree top. 
Measurements showed (pp. 337-338) that in an oak and beech 
forest, the wind velocity increased fairly steadily with 
height from the forest to the tree tops when the trees are 
bare of leaves ; but with leaves, the wind speed was practi­
cally constant at a lower value throughout the height of the 
forest to within about 5 meters of the tops of the crowns. 
Geiger (22, pp. 348-349). described observations in clearings 
in forests. It was found that reversal of the wind occurred 
in the clearing as compared to the direction of the main wind 
stream over the forest. Other data (p. 355) indicated that 
wind in clearings will tend to parallel the edge of the clear 
ing, even though the wind aloft may have some other direction 
Counter currents, and single or double wind whirls were also 
noted in clearings. 
Woodruff (61J conducted wind tunnel experiments on the 
sheltering effects of trees and snow fences. .le verified the 
wind tunnel results on the sheltering effects of snow fencing 
by field observations. He found that substantial reductions 
in wind speeds occurred downwind in a zone from four to ten 
times the height of the fence. A reduction of a least 20 
percent of the upwind speed occurred downwind from the fence 
in a zone twenty times as long as the fence height. 
Ten-row shelterbelts of trees were markedly effective in 
reducing wind speeds downwind, according to Woodruff's find­
ings (61, p. 18). A velocity reduction of 5- percent or more 
was found to extend as much as 11 to 14.3 times the fence 
height downwind. Solid walls were not as effective as trees. 
The 50 percent or greater zone of velocity reduction influ­
ence extended downwind only about 10 times the height of the 
solid fence. 
•Jensen (31, Chap. 14) has made an extensive study of 
wind velocity variations in the wake of artificial screens, 
lie measured the velocity reductions produced in a wind tunnel 
with several kinds of artificial screens, including screens 
with horizontal and vertical railings, both individually end 
in combination; screens with circular openings ; and screens 
of cylindrical rods. He concluded that the velocity reduc­
tion was independent of the nature of the openings in the 
screen, provided the openings were uniformly distributed; 
cuiû uhtt u une reduc cion aepended only upon t-ne percentage oi 
opening area. Jensen (jl, p. 1?3) by means of wind tunnel 
experiments found that a screen with 51 percent opening area 
produced velocity reduction of $0 percent or more within a 
zone from the ground to 0.4 the screen height, and to a lee­
ward distance of 10 times the screen height. Velocity re­
ductions of at least 10 percent persisted downwind from the 
screen as far as 28 times the screen height. A solid screen 
produced a velocity reduction of $0 percent or more from the 
screen to a downwind distance 14 times the screen height ; 
and a reduction of 10 percent or more to 24 times the screen 
height. He concluded (p. 1?2) on the basis of earlier find­
ings by others that solid screens produced marked, large-
scale eddying with velocities of about 30 percent of the 
unobstructed velocity in an area extending downwind from the 
screen 8 or 10 times the screen height. No appreciable eddy­
ing occurred in the wake of screens with hole areas of 38 
percent or more. 
From the foregoing results on the sheltering effects 
of barriers such as trees and fences, some reduction in de­
sign wind speed is justifiable, if suitable sheltering 
conditions can be expected to exist for the life of the 
building. Sherlock (42, p. 488) suggested that the influ­
ence of shielding be evaluated by the designer in each 
individual case. This obviously would not be feasible for 
designs for livestock shelters prepared for general and wide­
spread distribution by public service and commercial agencies, 
However, the likelihood of shielding is a circumstance which 
the designer should consider in the exercise of his judgment 
when he is estimating wind loads for low farm structures » 
Model Similarity Requirements 
General similarity requirements 
The accepted method by which data on wind force effects 
on buildings have been collected consists in constructing a 
suitable model at some convenient length scale, which model 
is then subjected to controlled wind in a wind tunnel. 
Pressures developed on the model surfaces are measured„ 
These pressures are presumed to bear a constant ratio to the 
kinetic energy of the main wind stream in the tunnel as 
measured at some suitable place. This ratio is called a 
"pressure", '"force", or "drag" coefficient ; and is used in 
computing wind forces at similar positions on geometrically 
similar prototype buildings, even though wind speeds for the 
prototype may be different. 
Although this has been the traditional approach, no 
investigator has rigorously established thet the coefficients 
so obtained are valid in all cases; and some investigators 
express doubt concerning the validity of the pressure 
coefficients obtained in the foregoing manner. 
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Kurphy (37, Chap. 4) has presented, the principles of 
similitude as applied to models and the requirements for 
similarity between model and prototype. Application of these 
leads to the conclusion that the wind pressures on a building 
should be a function of Reynolds' number, if viscous forces 
are known to be important in relation to inertia forces in 
establishing the flow pattern that develops over the struc­
ture in the wind stream. However, investigators have not 
found it to be feasible to achieve the same Reynolds' number 
in the testing of building models in a wind tunnel, because 
they have generally decided to use some gross length char­
acteristic of the building as the length term to use in 
computing Reynolds' number for wind flow over the model or 
prototype. Thus, with ordinary model length scales of "say 
1 on the model to 5° on the prototype, wind, speeds of super­
sonic magnitude would be required for the testing work. As 
a result, investigators have sometimes dismissed the apparent 
requirement of achieving the same Reynolds' number in model 
and prototype with the decision that it is not important, 
especially for sharp-edged building models. Others have 
expressed doubt. Prandtl (40, pp. 188-189) has outlined the 
main considerations relative to this problem, and mentions 
the work of G. Eiffel, circa 1914, which has doubtless influ­
enced many experimenters. 
Experience at the National Physical Laboratory, Tedding-
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ton, Middlesex, England(28b, p. 7) has shown that even though 
the Reynolds' number for a model is much smaller than for the 
prototype, this difference is unimportant when the body under 
test is "bluff", i.e., not streamlined. This conclusion was 
based on experience in testing work in a wind tunnel with 
models of bridges, smoke stacks, and natural terrain features. 
It should be noted that computation of a valid Reynolds' 
number that has the significance of a parameter which is in­
dicative of the character of flow in the layer near a boundary, 
requires that the length term used in computation of Reynolds' 
number should be pertinent to the establishment of the bound­
ary layer flow. It cannot be said from a priori evidence that 
a gross length parameter, such as the height of a building 
should be of any particular significance in determination of 
the nature of flow in the boundary layer in the wind flowing 
over the earth's- surface or over a building. On the other 
hand, if the local flow pattern over the roof of a building 
were to be investigated, there would appear to be some just­
ification for selecting the height of some characteristic 
roughness element, such as the thickness of a shingle, to use 
in computing a Reynolds' number for flow over the roof surface. 
It would appear that consideration of Reynolds' numbers 
should be confined to those which can reasonably be expected 
to be indicative of the character of flow in the boundary 
layer, and that the length term chosen for Reynolds' number 
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snouio. De pertinent to tiie character oi" the flow In the bound­
ary layer. In order to relate the dimensions of the building 
to the flow in the boundary layer, a ratio of some gross 
building dimension, such as building height, to a thickness 
parameter for the boundary layer would seem appropriate. 
Similarity in wind profile 
Complete similarity between prototype and model of a 
building in a. wind tunnel would seem to require similarity 
in the wind structure as well as the geometry of the buildings <> 
One characteristic of the wind structure is its velocity 
profile or variation of velocity with height above ground. 
Irminger and M^kkentved (30, Chap. 5) demonstrated that 
differences in roughness of the approach surface ahead of a 
building could cause quite large variations in suction on the 
windward roof slope for gable-roofed models with a roof slope 
of 20 degrees. These investigators suggested that the ratio 
^/h might be used as an indication of Reynolds' number, 
where S is the thickness of the boundary layer in the wind 
over the tunnel floor, and "h" is the front height of the 
building. For low values of S/h, suction pressures existed 
at the eaves with a 20 degree roof slope ; but at higher 
values of S7h, positive pressures were found. They recom­
mended that design specifications for wind pressure should 
take S*/h into account. 
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irminger ana r^iiKentvea (jv, chap. 4) demonstrated that 
the windward surfaces of a building model will be subjected 
to different flow and pressure patterns if the model is 
"freely exposed" than if it is situated on a "ground" plate. 
They found that the pressures will be greater for the 
"freely exposed" body than for one on the ground by a ratio 
of from 1.47 to 2.0C. 
Bailey and Vincent (2) found that it was necessary to 
mount building models on the wind tunnel wall in order to 
produce a gradient comparable to a natural wind. 
Sheppard in discussion of Sutton (49, p. 277) pointed 
out that wind flow over land is always aerodynamically rough, 
so that the properties of the mean motion are independent of 
fluid viscosity. Instead the mean motion is dependent on 
momentum exchange by turbulent eddying. Sutton (49, p. 272) 
concluded that determinations.of the thickness of the boundary 
layer from wind tunnel experiments with flow over a flat plat 
were not applicable to prototype natural wind flow, because 
of differences in the scale of turbulence between winds in 
a wind tunnel and in nature, or because of radically differ­
ent roughness characteristics in natural land surfaces as 
compared to surfaces used in wind tunnel experiments. 
Howe (27) described experiments on wind pressure 011 
elementary building shapes conducted in a wind tunnel at the 
Iowa Institute of Hydraulic Research. The models were 
mounted on a thin platform 6 inches above the floor in a 
region of constant velocity. With regard to simulation of 
velocity and the wind flow pattern that would exist for a 
building on the ground, Howe concluded that reduced wind 
velocity near the ground would cause smaller pressures than 
would occur in a non-varying velocity pattern. Therefore, 
the results of tests in a uniform velocity wind pattern would 
indicate maximum pressures to expect on the prototype building 
Prandtl (40, p. 128) has shown that in the boundary layer 
of fully-developed turbulent flow over a plane where shear 
between the fluid and the plane is important, the dimension-
less parameter 0- /() Z is a "universal" function of 
(j (1/ç) 2/]J i where "u" is the velocity in the boundary layer 
at height "y", *T is the shearing stress in the boundary layer, 
^ is the fluid density, and ~Ç is kinematic viscosity. It is 
evident that the second number, (j/)}is a Reynolds' number 
where fr/Ç) 2 is the shearing velocity. A different Reynolds 
number could be associated with each different height in the 
boundary layer. There appears to be no particular justifica­
tion for the use of an arbitrarily selected dimension of a 
building in combination with some mean velocity of wind flow 
to compute Reynolds' number when similarity in shear effects 
is desired. It cannot be said from a priori evidence that 
there is any relationship between some gross building dimen­
sion and the shearing stresses which will prevail in the 
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boundary between the air stream and the building surface. 
Instead, this shearing stress will depend on the shearing 
velocity at the boundary within which a velocity gradient 
prevails. The length ratio as suggested by Irminger and 
Nffkkentved (30) of the building height to the boundary layer 
thickness would seem to be more appropriate for relating the 
building size to a height in the boundary layer. 
Cermak and Koloseus (8), conducted studies of the wind 
profile over a model of Lake Hefner, Oklahoma ; and compared 
the profile with corresponding measurements over the proto­
type lake. A length scale of 1:2000 was used in modeling the 
lake and surrounding terrain. They found that the boundary 
layer above the model consisted of a lower region with either 
laminar or transitional flow; and an upper region character­
ized by turbulent flow. The velocity in the region corre­
sponding to a ratio of height, Z, to an index height, Z of 
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10 to about 10 followed the Prandtl-Von Karman equation 
= 5.75 Lo3 z/zo 
where U is velocity at height Z and U„ is the shearing velo­
city. Fair similarity was found to exist between model and 
prototype for the relationship between the mean velocity at 
52.5 ft. and the shearing velocity. Further studies by 
Cermak and Koloseus (9) reaffirmed the 1953 results, and 
indicated the relationship between the mean velocity and the 
shearing velocity was linear. The same relationship seemed 
to exist for the model and the prototype. They pointed out 
that the ratio of the square of the mean velocity at some 
height, L, above the boundary to the square of the shearing 
velocity might be regarded as ratio of inertial forces to 
viscous forces, and therefore could be taken as a Reynolds' 
number, or 
U R = ( f  U7L)/(T/L)  
» U Y uj , 
where (O is air density and T is shearing stress. 
Jensen (31, pp. 176-177) compared the velocity profile 
in the wake of similar wind screens in a wind tunnel and in 
a natural wind over outdoor terrain. The results from a 60 
by 60 cm. wind tunnel with a model screen showed good agree-
ment with those from a screen 3•5 meters high in a natural 
wind over terrain covered with plants 10 to 20 cm. high. 
Jensen concluded that model tests of shelter effect in a wind 
tunnel were valid for predicting prototype behavior if care 
was used to scale the roughness condition of the ground 
surface, so that the wind velocity gradients were similar. 
Similarity in regard to model size 
Some investigators of wind forces on low buildings by 
means of model testing have regarded the effect of model size 
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c:i Esynclds ' number to be of no coiisequenoe. Examples of vhis 
viewpoint are found in the studies made by Fenton and Otis• 
(21), and by Cissel and Legatski (10). Van Erp (56, p. 1396) 
could find no reason that data from small-scale model tests 
should not be used in formulating wind loading recommenda­
tions for buildings. Castleman and Mirsky, in discussion of 
Van Erp's study (?b, pp. 1391-1392) question the view that 
scale effect can be ignored. They made reference to earlier 
experiments by Dryden and Hill (16, 17, 18, 19) who first 
discounted scale effect, but later concluded that scale effect-
might exist although the errors resulting from it for sharp-
edged bodies were small or negligible. 
Irminger and N0kkentved (30, Chap. 1) developed the 
concept of a vortex layer between the main irrotational flow 
in the wind stream and the "dead" regions to windward and 
leeward of the building. They used this concept to explain 
the transition from suction to pressure on windward roof 
slopes of sharp-edged buildings as the roof slope was in­
creased through a critical zone "of roof slope of 20 to 25 
degrees. They then deduced that the shape of the vortex 
layer will depend upon Reynolds' number, because it is 
formed by the combined effects of kinetic energy and fric­
tion, or viscosity. They suggested that in Eiffel's 
experiments which reputedly demonstrated that Reynolds' 
number was unimportant in wind tunnel testing of building 
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models, r-ne scale effect might have been masKed because now 
existed around the ends as well as over the top of the 
models, Bailey and Vincent (2) found that wind pressures on 
full scale buildings experienced reductions in pressure on 
the leeward side that were 5° percent greater than were 
indicated from model tests. Cissel and Legatski (10, p. 25) 
decided to regard scale effect as inconsequential, because 
they found that the pressure distribution changed quite 
slowly for Reynolds' number greater than 3 X 10-5 for circular-
cylinders to which they likened the cylindrically-shaped 
structures in their tests. The Reynolds' number of their 
tests was approximately 8.7 X 10^, based on the radius of 
their building models. According to a diagram presented by 
Prandtl, (40, p. 191) Reynolds' number for a cylinder is 
critical in the range of around 5 X 10-5 to 10^ or higher. 
According to Binder (4, pp. 175-176) the drag of a flat plate 
normal to an air stream increases with the length to height 
ratio of the plate. However, the drag of a flat plate in 
two dimensional flow is independent of Reynolds' number in 
the range of somewhat less that 10^ to somewhat greater than 
10-5. Prandtl (40, p. 193 ) showed that the skin or fractional 
resistance due to flow parallel to spiooth plates decreases 
regularly with increasing Reynolds' number in the range 10^ 
9 to 10 . In wind tunnel tests of building models with 
critical slopes of the leading roof surface, flow can be 
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parallel or nearly parallel to the roof slope. Hence, the 
dissipation of energy due to frictional resistance and the 
resulting separation of flow from the roof surface can 
reasonably be expected to be a function of Reynolds' number, 
when the slope is critical. 
Recapitulation 
As a result of the findings by others with regard to 
similarity requirements between model and prototype for test­
ing of wind pressure and force effects on building models, 
the following summarizations are made: 
1. The wind profile, or manner of variation of mean 
wind velocity with height will affect the magni­
tude and distribution of pressures due to wind 
effects on buildings near the ground. Tests with 
models in wind tunnels to determine pressure 
effects should provide similarity in wind profile. 
2. There is no evidence that a unique length char­
acteristic exists which is appropriate for ascrib­
ing a Reynolds' number value that will establish 
the wind flow character over a building model or 
prototype. For example, a Reynolds' humber can 
be ascribed to a fully-developed, turbulent wind 
flow over a large plate, wherein the length term 
is the thickness of the boundary layer. Such a 
Reynolds' number might be appropriate for the 
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unobstructed, wind, a second applicable Reynolds' 
number might be computed using the slope length 
of the roof, which would be expected to influence 
energy dissipation in non-fully-developed flow 
parallel to the roof, and so influence the point 
of separation of flow from the roof. A third 
Reynolds' number might be obtained by using a 
length term which is characteristic of the rough­
ness elements on the roof surface. 
There appears to be no justification for computing 
a Reynolds' number based on the mean velocity of 
flow in the main windstrearn and some more or less 
arbitrarily chosen dimension of the building to 
use as a significant parameter for describing the 
character of flow over a building in the wind 
near the earth's surface. 
Effects of end flow around buildings, especially 
those whose length is short in relation to width, 
may partially mask or confound the effect of 
other variables of building geometry on magnitude 
and distribution of wind pressures. Therefore, 
the results of three-dimensional flow experiments 
with building models in a wind tunnel should not 
be applied to prototype buildings unless it is 
established that the end flow effects are 
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inconsequentiax, or una b the end ooxidi lions ai-6 
the seme for model and prototype. 
Testing Methods and Techniques 
The traditional method of obtaining information on 
pressure effects of wind on models in a wind tunnel has con­
sisted in making suitable piezometer holes in the surfaces 
of the model. The static pressures at these piezometer 
holes were measured with appropriate manometer equipment. 
The point pressures are then used as a basis for developing 
constant pressure contours over the model surfaces. These 
pressure contours were then employed to predict total pres­
sures over larger surface areas. In some tests, the models 
have been made air-tight so that the internal pressures were 
the same as the atmospheric pressure, and the manometers 
have been arranged to respond to the pressure difference be­
tween the piezometer tap and the ambient air outside the 
wind tunnel. 
This general method was used by Irminger and N^kkentved 
(29, 30). Ghaswala (23, p. 64?) has called attention to the 
historical development of wind tunnel tests on building 
models. In the United States, the piezometer technique has 
been employed by Dryden and Hill (IS, 19); Fenton and Otis 
(21) in studies of wind forces on farm barns; Cissel and 
Legatski (10) with $$Quonset,4-type buildings; and by Howe (27). 
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The procedure has been tedious and time-consuming because a 
large number of pressure observations are needed in order to 
obtain sufficient data for mapping pressures. Cissel and 
Legatski (10, p. 1) make the comment with regard to the 
piezometric method used by them: 
The enormous amount of work involved in making 
complete wind studies for structures of the 
many shapes commonly encountered accounts at 
least in part for the present lack of suitable 
specifications for wind loads. 
Also, it is not convenient to obtain information on the 
pressure effects of wind blowing into partially open build­
ings. This is true because connecting tubing from the 
manometer is usually led to the piezometer holes through the 
space inside the model, in order not to interfere with the 
wind pattern outside the model. Irminger and N/kkentved 
(30, Chap. 8) constructed models from hollow plates in order 
to obtain internal pressure data. Pressures were communi­
cated from the plate interior to the manometer through the 
posts supporting the roof of the model. All of the piezo­
meter holes from the plate surface to the hollow interior 
were closed with wax except the one at which pressure measure­
ments were desired. 
This pressure-mapping method offers the advantage that 
information on localized, high-pressure areas can be obtained. 
This would be desirable in a study of the effects of wind on 
damage to roof coverings, for example. However, for many 
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studies, a rapid method is needed for collecting data on 
wind pressures over a complete surface component without the 
necessity of making, computing, and mapping large numbers of 
pressure observations. 
Some experimenters have attempted to duplicate the 
natural wind boundary layer when conducting tests in wind 
tunnels. For example, Woodruff (61) used sieved gravel on 
the wind tunnel floor to attempt to duplicate natural wind 
conditions. 
O'Neill (38) simulated a natural wind profile in a wind 
tunnel by means of in. and 5 in. diameter rods and 1/8 in. 
diameter wires across the entrance to the wind tunnel test 
section. The rods were placed in a horizontal position at 
spacings determined by trial and error. The wind profile 
so developed was later used for tests on a structural model 
in a natural wind profile. 
The problem of achieving the effect of a Reynolds' 
number in model tests that will correspond to prototype con­
ditions has received a limited amount of attention. Howe 
(27) found that by artificially roughening the surfaces of 
curved-roof models, the effect of a higher Reynolds' number 
was obtained. The use of screens has also been suggested as 
means of increasing the turbulence in the finer wind struc­
ture, and thereby achieving an apparent increase in Reynolds' 
number by Pope (39, pp. 111-112, 3^9). 
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Wind Force Effects 
Wind pressure date for buildings have always been given 
in terms of pressure coefficients, or the ratio of the ob­
served pressure on the building surface to the stagnation 
pressure of the main wind stream. 
G-haswala (23), has described the historical development 
of concepts of pressure on buildings, especially with regard 
to the effect of sloping surfaces. Van Erp (56) has analyzed 
and compared recommendations for wind pressure coefficients 
among countries in Europe and the United States. Apparently, 
there is no consistent pattern of agreement = For example, 
for a low, gable-roofed building which has a completely open 
wall on the windward side, the recommended leeward roof 
pressure coefficient is 0.1, suction, by Netherlands stan­
dards , and 1.2 by German standards. For the same situation, 
the pressure coefficient recommended for the windward roof 
slope appears to be 1.0 by Netherlands standards and 0.2? 
by the 19-1-5 American Standards Association standards. 
Irminger and H^kkentved (30, Chaps. 1 and 2) have de-
veloped the concept of how the shape of the vortex layer 
which separates the region of irrotational flow and the 
"dead" region in the wake ahead of or after a building is im­
portant because it affects the pressures developed at the 
vortex layer. These two investigators studied the wind forces 
on open sheds ; i. e., buildings consisting of roofs only. 
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(Chap. 8) and found that for gable-roofed open sheds, the 
net pressure was always downward on the windward slope, and 
always upward on the leeward slope, regardless of the angle 
of wind incidence. The model on which tests were conducted 
had a roof slope of 3° degrees. Irminger and It/z5kkentved 
also studied pressure distribution on buildings partly open 
due to leaks (30, Chap. 9)» They found that the internal 
pressure was independent of the area of leakage provided the 
leaks were uniformly distributed throughout the building. 
Penton and Otis (21) concluded that the internal pressures 
arising from wind blowing into a large open barn door would 
be the same as those which existed against the door when it 
was in the closed position on an air-tight barn. This 
pressure was then added, taking signs into account, to those 
that existed with an air-tight barn and the doors closed to 
find the resulting pressures on the roof and wall components 
that would exist with a large door open. 
The Agricultural Engineering Research Branch of the 
Agricultural Research Service, U. S. Department of Agricul­
ture (60) has prepared pressure coefficient data for building 
surfaces based on information from other sources. The coeffi­
cients vary from O.77, suction, for flat slopes to C.58, 
pressure, for slopes of 60 degrees and higher. When a build­
ing has 30 percent or more openings on the windward side, the 
pressure that would exist on the leeward side if no openings 
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existed is to be added, taking direction Into account, as an 
interna1 pressure « 
In an investigation of the effect of buildlag height on 
pressure coefficients, Immigrer and K^kkeutved (30, Chap. 10) 
found that the average pressure on the windward roof was a 
function of the ratio of eaves height to building width. 
This ratio was also found to influence the average pressure 
coefficient for the windward wall. 
The effect of screens on pressure coefficients for 
buildings to the leeward of screens was investigated by 
Irminger and iJ/kkentved, (30, Chap. 7). They found that the 
sheltering effect of the screens extended more than ten times 
the screen height aft of the screen. The most pronounced 
effect of the screens seemed to occur on the windward wall 
and roof of the building. All screens, solid or perforated, 
caused a smaller pressure than was found in the unsheltered 
condition. Their studies with screens led to the suggestion 
that, since buildings are seldom completely unsheltered, it 
was not feasible to specify definite wind pressure figures 
based on complete absence of shelter, or shelter in some 
specified location, since the pressures will change with the 
position and nature of the shelter. Instead, a maximum 
pressure on the windward side in combination with maximum 
suction on the leeward side would be used so that the total 
pressure will correspond, to experimentally-determined values. 
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The reported data on pressure coefficients for low build­
ings, even in the case of recommended standards, reveal 
little consistency among the various published values. This 
may be partly due to variables which were uncontrolled or 
disregarded in collecting and reporting the data. Examples 
of variables which have been largely disregarded are the 
effects of a non-uniform wind velocity profile as compared 
to a uniform velocity profile; and the effects of end flow 
and end conditions on the pressures developed. 
THE INVESTIGATION 
Objectives 
The present study was conducted to evaluate the re­
actions developed on the component surfaces of typical open-
front livestock shelters by a wind with a two-dimensional 
velocity pattern that simulated a natural wind profile 
blowing into the open side of shelters. 
Specific objectives included.: 
1. Duplication of a typical wind profile in a 
wind tunnel testing facility. 
2. Evaluation of the reactions developed on model 
building surfaces as influenced by 
(a) Eoof slope 
(b) Eoof length 
(c) Openings in the leeward wall 
(d) Presence of wind screens or barriers 
(e) Ventilation of wind screens or barriers. 
3• Validation of the wind tunnel results by com­
parison of the wind velocity pattern over a 
prototype building with the velocity pattern 
over the model. 
Hypotheses and Assumptions 
The important hypothesis in undertaking the present study 
was that the results from experiments on small-scale models 
of the shelter structure in a wind tunnel in which reactions 
due to gross inertia forces are measured are valid for appli 
cation to other geometrically similar structures. The 
validity of this hypothesis depends upon the correct appli­
cation of the Buckingham Pi theorem. Therefore, the meaning 
and manner of application of the Buckingham Pi theorem will 
be discussed and related to this study. 
Buckingham Pi theorem 
The experimental phases of this study were designed as 
model experiments on the basis of the Buckingham Pi theorem. 
According to Buckingham (6, p. 376): 
A convenient summary of the general conse­
quences of the principal of dimensional 
homogeneity consists in the statement that 
any equation which describes completely a 
relation subsisting among a number of 
physical quantities of an equal or smaller 
number of different kinds, is reducible to 
the form 
in which the 7~f s are all the independent 
dimensionsless products of the form Q* 9  Q J  ,  
etc. that can be made by using the *" 
symbols of all the quantities 4.' 
Buckingham (6) showed that the number of d imens i onle s s 
and independent pi terms that can be formed is equal to the 
number of physical quantities minus the number of fundamental 
units in which the physical quantities are expressed. Bridgm 
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'O, unaps. 1 v-VII) analyzed tne implications of trie Bucking­
ham Pi theorem and presented numerous examples of how it can 
be applied in planning experiments and deducing the nature of 
the relationships among variables in a physical relationship. 
Murphy (37) developed the theory of similitude as regards 
its application to the design and analysis of experiments 
in numerous fields of engineering and physical sciences. 
The procedure in applying the Buckingham Pi theorem to 
the planning and conduct of an experimental investigation 
consists of the following: (1) decision, based on knowledge 
of the physical system involved and insight concerning the 
factors which effect its behavior, as to the physical quant­
ities or variables thpt are pertinent to the behavior of 
the system; (2) combination of the pertinent variables into 
an appropriate set of dimensionless parameters, or pi terms ; 
(3) determination of the functional relationship among the 
pi terms by conducting and analyzing the results of experi­
ments wherein the values of certain pi terms are controlled 
or held constant so that the variation among others can be 
studied. In this way fairly complete knowledge of the 
functional relationship involved can be obtained, subject to 
the limitations on the range of values of the pi terms 
through which experiments can be conducted and the ability of 
the experimenter to correctly select and combine the perti­
nent variables. 
Aftcx- tin tiûequaue functional relationship lias been ob­
tained, it will be valid for all other physically similar 
systems. Two physical systems, S and S1, are said to be 
physically similar if the two systems correspond in the 
essential quantities or variables needed to specify the 
system; and if functional relationships exist where for S, 
y ( %, • • • ifi ) = o, 
and for S', 
f'(ïï, <>•' '  ^0 1 
such that the operators ~\j/ and "\j/ are identical and the 
values of corresponding pi terms are identical. This concept 
of similarity is discussed in detail by Buckingham (6, pp. 
353-354). 
Pertinent variables 
The physical variables that were presumed to be perti­
nent to the physical system including an open-front, gable-
roof livestock shelter in a two-dimensional wind include: 
1. The reactions, , normal to the roof or wall 
developed to resist normal wind pressures over 
the roof or wall surfaces, where 
B = reaction at lower edge, leading roof surface 
&2 = reaction at upper edge, leading roof surface 
B-q = reaction at upper edge, trailing roof surface 
Rji = reaction at lower edge, trailing roof surface 
E = reaction at upper edge, leeward, wall 
E = reaction at lower edge, leeward wall. 
2. u^, Up, .C.U., wind velocities in the approaching 
wind stream parallel to the ground surface at vertical height 
yi, y2' •••which describe the variation of wind velocity 
before disturbance due to presence of the building has 
occurred. 
3. U, a mean wind speed that characterizes the kinetic 
energy due to steady horizontal flow of the wind approaching 
the building between the ground and the ridge of the building 
before disturbance due to presence of the building has 
occurred. 
4. , the mass density of the air. 
5. h , height from ground to the eaves of the roof 
on the windward side. 
6. L , the length of the windward roof slope, measured 
along the slope 
7. h , the height of a continuous horizontal ventila-
o 
tion opening or slot in the rear or leeward wall of the 
shelter. 
8. h , height of a barrier (fence, trees, or other 
comparable screen) to the windward of the shelter. 
9. S , horizontal distance from barrier to front of the 
shelter. 
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10. P ratio of area of ventilation openings in the 
barrier to gross barrier area. 
11. 0 , slope of the windward roof measured as the 
tangent of the angle'between the roof slope and horizontal. 
The consideration which led to selection of the fore­
going set of pertinent variables is doubtless obvious for 
most of the quantities. Variables numbered 1, 2, 3) 5> and 
6 were chosen to suit special needs and characteristics of 
this study. With regard to no. 1, the reactions R , it 
should be noted that the usual practice in studies of wind 
effects on buildings has been to measure pressures at 
selected points on the surfaces of the model in a wind tunnel. 
These data have been used to plot pressure contours which 
represented the pressure distribution over the surface. 
Among the important applications of wind pressure data is the 
determination of the reactions on the roof frame and walls 
and overturning moments on the building that result from wind 
pressure on the surfaces. For example, in estimating over­
turning forces on a building, information is needed on the 
magnitude, direction, and point of application of reactions 
from surfaces subjected to wind pressures. Also, in design­
ing fastenings or anchorages to resist wind forces, the 
magnitudes of the reactions from the roof frame need to be 
known. Hence, it would appear that in many circumstances, a 
knowledge of the reactions from the component surfaces would 
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be cf greater utility ih&.n pressures at selected pointsor 
•pressure contours, Only the reactions normal to the plane of 
the roof or wall surface were subjected to detailed study, 
since it was hypothesized that reaction components due to 
shear drag parallel to the surfaces were unimportant. A 
preliminary calculation based on a skin friction drag ex-
presslon given by Dodge and Thompson (15, pp. 322-325) for a 
turbulent boundary layer and a wind flow parallel to the 
roof surface of ?C mph had shown that the shear drag would be 
less than about C.05 lb. per so. ft. 
Variable 2, wind velocities which describe the variation 
of wind velocity with height about the ground, will determine 
the amount and distribution of kinetic energy due to steady 
horizontal flow in the wind stream. Hence, it would appear 
important to specify the wind velocity pattern. 
The mean wind speed U, variable 3, is characterized by 
rK % 
u= M uiJk 
hr  
where u is the mean, steady-state horizontal wind velocity et 
height h, and h is ridge height. 
Variable 5, the height h,. of the building from the ground 
to the eaves at the front of the building, was chosen as a 
convenient index of the height to which the building form 
projects vertically into the wind stream. In a wind pattern 
una.L increases in velocity with height, stagnation pressures 
will also increase with height. Hence, the distribution of 
velocity pressure will likely depend partly on the height of 
the building in relation to the profile of the wind velocity 
pattern. 
Variable 6, the length of the windward roof slope, L , 
was expected to influence the reactions not only because 
roof area and total height of the building depend upon roof 
length, but also because of a possible relationship between 
roof length and separation of flow from the windward roof. 
Wind flow may be expected to separate at the eaves when the 
roof slope is below some critical value. If the roof is long 
enough in extent from the eaves, flow could return to the 
roof at some point below the ridge. If the roof is short, 
it is possible that the entire leading roof slope will be in 
the zone of flow separation. If separation occurs at some 
intermediate point between the eaves and ridge, roof length 
would be a factor in the relative amount of the roof area 
ahead of and after the point of separation, respectively. 
Other variables that might reasonably be considered in 
a study of wind effects on open-front buildings, but which 
have been omitted from this study include the following: 
1. Orientation of the building with respect to wind 
direction. Prom several previous investigations on this 
variable, for example studies by Cissel and Legatski (10), 
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Penton and Otis (21), and Dryden and Hill (16), it appeared 
that certain wind directions other than broadside against the 
building resulted in maximum localized pressures, but that 
the greatest total forces resulted from broadside winds. In 
an investigation wherein localized pressures would be im­
portant , as for example in a study of wind effects on local 
pressure on roof coverings, the effect of quartering winds 
and hence the wind direction with respect to the building 
should doubtless be regarded as a pertinent variable. 
However, the present investigation was limited to reactions on 
shelter components. 
2. Character of roof surface. - If the roof covering on 
a structure is sufficiently rough, energy loss could occur 
in the boundary layer to result in flow separation at some 
point on the windward roof slope. This may occur for some 
critical range of roof slopes wherein slight changes cause 
the point of separation of flow to shift from the eaves to 
the ridge or to some intermediate point. At such slopes, 
external normal pressures on the leading roof slope are known 
to be comparatively small, so that the effect of character of 
roof covering on sharp-edged buildings appeared to be unim­
portant, insofar as normal forces on the building components 
was concerned. 
3. Air viscosity. - Some investigators of wind effects 
on buildings have given attention to air viscosity as a 
62 
pertinent variable in wind tunnel experiments with building 
models. The introduction of viscosity leads to establishment 
of Reynolds' number as a parameter that should have the same 
value in the experiments as in the prototype application in-
order to fulfill similarity requirements. This would re­
quire unreasonably high wind speeds in the tunnel. There is 
no evidence that, in a fully-developed turbulent wind flow 
system over a sharp-edged object, viscosity effects will have 
measureable effect on gross normal pressures developed by 
inertia forces ; other than to the extent that viscous forces 
influence the location of the point of flow separation from 
the surface due to energy loss in the boundary layer at the 
surface. The hypothesis was made for the present study that 
viscous effects would not be a factor in normal wind forces 
developed on the building surfaces. A preliminary investi­
gation was conducted to determine a speed range for the wind 
in the model testing facility within which turbulence and the 
velocity profile were fully developed so that normal force 
coefficients would not be appreciably affected by wind speed. 
Formation of pi terms 
The pertinent variables and the dimensions assigned to 
them are listed in Table I. These correspond to a force-
length- time system of dimensions. Figure 1 depicts the 
relationship of the symbols to the model system. Based on 
6] 
TABLE I Pertinent variables for model study 
No. Symbol Description Units 
Dimensions' 
Symbol 
1. hf Height to eaves at front of building Ft. L 
2. Lr Roof length, eaves to ridge, measured 
along slope 
Ft. L 
3. ho Height of continuous ventilation slot 
in leeward wall 
Ft. L 
4. hb Wind barrier height Ft. L 
5. Sb Barrier spacing upwind from the 
building front 
Ft. L 
6. x, y Coordinates to a point in the wind-
stream from some datum point, say 
ground line at front of building. 
Ft. L 
7.- ux,y Wind velocity at point x, y Ft./Sec. LT~1 
8. U A mean wind speed for the windstream 
approaching the building 
Fto/Sec. LT"1 
9. e Air density Lb.-Sec.2 /Ft.-% FT2 L-4 
10. R-! » • • R^  Reaction normal to a building surface 
component when held at each 
extremity (of. Figure 1), in lbs. 
per foot of roof length measured 
parallel to ridge. 
Lb./Ft. FL-1 
11. © Roof slope, expressed as tangent of 
the angle which roof makes with 
horizontal 
12. Barrier permeability, or ratio of 
barrier opening area to gross 
barrier area. 
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Wind Velocity Profile 
Reactions R; 
tan 9 Barrier 
y Ground ~T[£_ 
I Surface-i K 
Open Front Shelter 
Pi Terms 
^ =(mmLr ^6 " X/hf.i y/hf 
^2 ™ Lr/hf TTf " Pb 
1%, = hb/hf TT@ = 8 
^4 " %/^f ^9 ^xy/U 
^ = Vhf 
Figure 1 Diagrammatic representation of terminology 
used in model studies 
65 
"cnls nomenclature and dimensional system, the set of pi terms 
listed in Figure 1 was-evolved by inspection. It is apparent 
that, according to the Buckingham Pi theorem, 9 pi terms are 
needed, since the pertinent variables were 12 in number and 
expressed by three dimensions. 
The functional relationship among the pi terms is 
TTrVlK,"',1#» 
where the operator ^  may be determined by analysis of ex­
perimental data. 
The dimensional analysis indicates that , depends on 
the vertical distribution of velocity in relation to a mean 
velocity, as is evident from inspection of Tf . For simi-
9 
larity among systems described by the selected variables, 
the ratios of local or point steady-state velocity to mean 
velocity should be the same at similar points in the system. 
Consideration of iT indicates that similarity in wind 
flow patterns approaching the shelter will prevail if, in 
wind patterns for which the power law is an adequate expres­
sion of the variation of velocity with height, the exponents 
in the power law expressions for the two wind flow patterns 
are the same. This is evident from the following development : 
By definition, 
M b 
* Au 1 /z 
I U -
L  <4 
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But, by a power law velocity prof ile. 
 ^ fU / \z n  
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In order to establish that the wind velocity patterns 
are similar in the flow over the building, observations of 
wind velocity at stations over the building can be made. 
corresponding values of 77 are the same according to 
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velocity traverses at similar stations over the model and 
6? 
prototype, respectively, the two systems may then be said to 
be similar. 
Selection of range of values 
It is evident that to evaluate the operator, ~\J/ , in the 
functional relationship for the nine pi terms, it would be 
expedient to hold all but one of the pi terms IT through 
TfQ constant, while varying that selected pi term through 
the appropriate range. A complete experiment to evaluate 
the functional relationship would obviously consume time and 
effort considerably out of proportion to the expected useful­
ness of the results. Therefore, two values were selected for 
Tfz? 7T3, , and , respectively. Seven values 
were selected for Tf^. A single "typical'1 wind pattern as 
fixed by the exponent îfn!! was developed and used for all the 
experiments, so that for any given height in the wind approach­
ing the model, 1T was assumed constant. This reduced the 
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experiment to manageable proportions. The values selected for 
the pi terms were such that they represented a usual range of 
prototype conditions. The values selected were: 
if = 1.5, 3.0 
Tf^ = 0.0, 0.8 
^  =  2 . 0 ,  8 . 0  
1Y = C.O, 0.4 
J 
"IT z = value determined by point of 
° velocity measurement 
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TT = 0.5, i.g 
1T_ = 2/12, 3/12, 4/12, 5/12, 6/12, 
° 9/12, 12/12 
Tf = value determined by subsequent 
9 experiments 
Experimental Equipment 
The laboratory phases of the investigation were conducted 
with a smoke-flow visualization chamber and an aerodynamic 
wind tunnel. Validation measurements of wind velocity were 
conducted over a full-size, or prototype building. The 
design of the model testing equipment and testing procedure 
was largely governed by the general requirement that reaction 
forces on the model surfaces be measured quickly and directly 
for a number of variables of model shape and arrangement. 
Also, it was indicated that the models should be tested in a 
wind pattern that approximated two-dimensional flow of wind 
with a natural" profile or distribution of velocity with 
respect to height above the ground. 
Flow visualization 
A photographic study was conducted with a smoke flow 
visualization chamber to obtain information on the shape of 
the wind flow pattern developed over open-front shelters as 
affected by variables of roof slope and other shape factors. 
The equipment used was an Aerodynamic Smoke Tunnel manufac-
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"cured oy aerodynamic noaei Builders, Washington 3, ~u* ^ • ^-u 
consisted of a chamber 1 in. wide by 11 in. high, and l?i in. 
long with a set of vapor-emitting jets at one end and an 
exhaust port at the other end of the chamber. One side was 
glass-enclosed, so that the path of the smoke jets could be 
viewed or photographed. The other side consisted of a hinged 
panel surfaced with black cloth to provide a dark background 
for contrast with the white vapor streams. The vapor was 
generated in a small vapor pot with an electrically-heated 
element to which kerosene was fed for vapor formation. A 
small, centrifugal fan driven with a variable speed motor took 
suction on the smoke chamber, thereby drawing smoke from the 
smoke pot, and emitting it through the jets into the viewing 
chamber. The model shelter shapes which were to be studied 
were made from stiff cardboard cut to strips of the same 
width as the smoke chamber and affixed to a transparent 
plexiglass backing on which a one-fourth inch reference grid 
had been scribed. This grid was prepared for the purpose of 
making measurements of the position and direction of the 
smoke jets passing over the models. 
Model testing equipment 
The model testing equipment included the wind tunnel in 
the Iowa State College Aeronautical Engineering Laboratory 
and a special installation in the testing section. This 
consisted of independently-mounted model surfaces suspended 
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l'rom a testing channel, or "trough" to obtain two-dimensional 
flow. Reactions on the model surfaces were measured with 
small weighing bars to which S2-4 strain gages had been 
affixed. These items of equipment will be described in more 
detail. 
Wind tunnel The Iowa State College wind tunnel had 
been designed and built primarily for instruction and low-
speed testing in aeronautical engineering. It was of the 
closed return type with an enclosed, rectangular test section 
39 inches wide by 24 inches high. The tunnel was driven' 
by a 4 ft. diamater, four-bladed fan located just ahead of 
the first turn after the test section. It was powered by a 
25 hp variable-speed induction motor. The tunnel was 
equipped with the usual turning vanes at the corners and a 
screen just ahead of the convergent section to help produce 
a more uniform flow pattern through the test section. Past 
experience with the wind tunnel indicated that the flow in 
test section had a slight twist. Various attempts had 
apparently been made to install screening in the return 
section to damp out velocity fluctuations and improve the flow 
pattern in the test section. 
Wind channel In order to achieve two-dimensional 
flow over the model buildings, a testing channel, or open-
ended trough was constructed for insertion into the wind 
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tunnel test section. The use of this channel permitted the 
model components to be installed independently of the walls 
of the main test section, and provided straight approach and 
leeward floors to simulate the ground surface. Also, use of 
the testing channel permitted smaller models to be employed 
as compared to models the full width of the testing section 
in two-dimensional flow studies. The use of reasonably 
small models appears desirable to prevent undue blockage of 
the test cross-section area. Irminger and N^kkentved (29, 
p. 22) found that if dependable results are to be obtained 
during wind tunnel tests on building models, the frontal 
area of the model should not exceed 5 or 6 percent of the 
testing section area. 
The width of the testing channel was chosen so that 
with a building model installed in it, approximately 51 per­
cent of the entire wind tunnel test section was blocked. 
The dimensions and certain construction details of the 
channel are illustrated in Figure 2. The length of 6 ft. 
for the testing channel provided an extension of the simu­
lated ground surface of about times the maximum and legi­
times the minimum model height ahead of the model; and about 
times the maximum and 5 3/4 times the minimum model height 
after the model. Irminger and Njtfkkentved (30}. used corres­
ponding ratios of J.6 and 4.7 in two-dimensional flow channels 
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shape for the model In the testing channel were obtained by 
adjusting the position of four basic model components, includ­
ing two roof surfaces (windward slope and leeward slope), 
one leeward wall surface, and one barrier. The model sur­
faces were cut from 3/32 in. sheets of acrylic resin, or 
"Plexiglass" to the dimensions shown in Figure 3• The 
appearance of the model surfaces is shown in Figure 4. The 
roof surfaces were of two lengths as measured from eaves to 
ridge to produce the two selected values of Tf ^. The 
barrier was of two types, including a solid barrier and a 
ventilated barrier made of horizontal and vertical strips 
so arranged that the open area amounted to 1/2 of the gross • 
barrier area. The leeward wall surface was equipped with a 
vertically-sliding shutter to permit a continuous horizontal 
ventilation slot to be opened or closed without removing the 
leeward wall. 
Reaction sensing equipment The model surfaces were 
suspended in the testing channel by means of specially-
designed weighing bars which supported the model surfaces 
independently of the sides or floor of the testing channel 
and measured the reaction from the roof surfaces. Details of 
these weighing bars are shown in Figure 5• The cantilever 
consisted of 16 gage (B and S wire gage) brass shim stock. 
Figure 3 Dimensions of 
model surfaces 
Figure k- Model surfaces 
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The other'parts were manufactured from brass. The stiffener 
was silver-soldered to the cantilever. In use, the devices 
were clamped in appropriate positions to the outside of the 
testing channel as shown in Figure 6. Reactions from the-
mode 1 surfaces were transmitted to the outer end of the 
cantilever by means of a special pull link and fasterner 
shown in Figure 7. The eye in the end of the pull link was 
pinned to the end of the cantilever by a fine screw through 
the eye inserted in a slot in the end of the stiffener on the 
cantilever. Consideration of the arrangement of the pull 
link and its attachment to the cantilever will reveal that 
only axial tension or compression in the link could cause 
bending in the cantilever, because no bending moment could be 
developed in the link at the pinned end. Therefore, with the 
pull link aligned perpendicular to the plane of the model 
surface, only reactions normal to the model surface caused 
bending in the cantilever. Shear in the link normal to its 
axis caused tension in the bar, but this was not sensed by 
the strain indicator because of the arrangement of the SE-di­
strain gages. 
The equipment to sense the reaction loads transmitted to 
the cantilevers included SE-4 strain gages mounted on the 
cantilevers and strain indicating equipment. Two SB-4 strain 
gages were mounted one on each side of the cantilever in the 
positions indicated in Figure 5* This arrangement doubled 
Figure 5 Weighing bars for 
reactions on model 
surfaces 
Figure 6 Installation of 
weighing bars on 
sides of testing 
channel 
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the apparent strain read on the strain indicator, and elimi­
nated the effect on read strain of axial loads on the canti­
lever. In use, one of the strain gages on each cantilever 
was placed in the circuit to the active arm of the strain 
indicator, and the other was placed in the compensating arm. 
This arrangement also achieved temperature compensation. 
Figure 8 illustrates the appearance of the reaction weighing 
bars -with the SB-4 strain gages mounted on the cantilever. 
The devices were calibrated to obtain a multiplication 
constant for the read strain on the strain indicator to ob­
tain the reaction in the pull link. Calibration was 
conducted by clamping the mounting plate of the weighing bar 
to a support. Known weight increments were suspended from 
the end of the bar, and corresponding values of strain were 
read on the strain indicator. The observations of read 
strain were plotted against load to obtain a calibration 
constant for each of the twelve weighing devices in terms 
of pounds of load per micro-inch of read strain on the indi­
cator. The weighing bars were calibrated before and after 
completion of the wind tunnel experiments. The averages of 
the two calibration constants for each weighing bar were 
used for reduction of the experiment data. The results of 
the calibration of the weighing bars are tabulated in Table 
II. It was found necessary to calibrate each weighing bar 
for each of the two directions in which the bar could be 
Figure 8 Weighing bar with 
SR-4 strain gages 
mounted 
Figure 9 Open-front building 
model in place in 
testing channel 
















IN Dovm 6.50 6.18 6.54 2.$ 
Up 6.68 6.52 6.50 2.8 
IS Down 6.21 5.94 6.09 2.2 
Up 6.41 6.15 6.27 2.2 
2N Down 6.84 7.00 6.92 1.2 
Up 7.14 6.64 6.89 $.6 
2S Down 6.41 6.49 6.45 0.6 
Up 6.68 6.29 6.48 5.0 
5N Down 6.50 6.64 6.57 1.1 
Up 6.61 6.24 6.45 5.0 
5s Down 6.25 6.55 6.30 0.8 
Up 6.29 6.10 6.20 1.5 
4N Down 6.57 6.57 6.57 0.0 
Up 6.59 6.22 6.41 2.9 
4S Down 6.68 6.46 6.57 1.7 
Up 6.8$ 6.72 6.78 0.8 
5N Down 6.04 6.03 6.04 0.1 
Up 6.59 6.58 6.39 0.1 
5s Down 6.45 6.14 6.29 2.3 
Up 6.60 6.51 6.46 2.2 
6N Down 6.00 6.46 6.23 5.7 
Up 5.97 6.46 6.22 $.9 
6S Down 6.08 6.20 6.14 1.0 
Up 6.36 6.31 6.34 0.4 
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loaded:. Therefore, direction of load is specified in Table 
II. 
Strain indicating equipment included a Baldwin 20-
Ghannel Bridge Balancing Unit, Serial no. 475028, 5-^7» and 
a Baldwin Static Strain Indicator, Model K, Serial F52445. 
For recording of transient strain to obtain measurements of 
certain oscillatory wind forces on the leading roof surface, 
an oscillograph model 60 Sanborn Twin-Viso Cardiette manu­
factured by the Sanborn Company, Cambridge, Mass. was used. 
It included a strain amplifier and a 2-channel recorder 
unit with a 5 cm. recording width for each channel. 
Model installation The arrangement of the compon­
ents of the model system and. the reaction measuring equip­
ment is depicted in Figures 9, 10, and 11. In Figure 9, 
the model surfaces are shown suspended in the testing channel 
as viewed looking downwind from the entrance of the testing 
channel. Figure 10 is indicative of the arrangement of the 
testing channel and the reaction weighing devices affixed 
to the outside of the testing channel. It was found neces­
sary to install fairings at the entrance ends of the channel 
floor and sides to provide smooth entrance conditions. These 
consisted of a light-gage aluminum sheet bent around the end 
of the channel floor, and. flexible plastic sheeting bent 
around the ends of the channel sides. In order to reduce 
Figure 10 Testing channel 
Figure 11 Testing channel 




the effects of wind flow on the weighing devices affixed to 
the outside of the testing channel, double barriers of 16-
mesh screen were fastened to the sides of the testing channel 
just ahead of the weighing devices. These barriers are 
visible in Figure 10. Figure 11 indicates the arrangement of 
the equipment in the wind tunnel. The testing channel was 
aligned parallel to the sides of the wind tunnel test section 
and bolted to the tunnel floor. Leads from the strain gages 
were brought out from the test section through openings in 
the floor. 
Velocity traversing equipment 
Equipment for measuring wind velocity in the testing 
channel and in the space over the models in the channel is 
shown in Figures 12 and 13. The pitot-static tube and 
positioning device shown in Figure 12 included a pitot-
static tube obtained from the Geophysics Department, Iowa 
State College, and a specially designed positioning jig to 
which the pitot-static tube was clamped. The small pitot-
static tube was calibrated against a larger pitot-static 
tube which had a known calibration constant of unity. The 
procedure was to plot the dynamic head in the main test 
section of the wind tunnel as measured with the pitot-static 
'tube of known calibration against the dynamic head in the 
approach section just ahead of the convergent entrance to the 
Figure 12(a) Pitot-static tube 
and positioning de-
vice, side view 
Figure 12(b) Pitot-static tube 
and positioning de-
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Figure 13 Hi cro-monometers 




test section. Then, a subsequent run was conducted with the 
small pitot-static tube used in the present experiments. It 
was found that nearly exact correspondence existed between 
the plots of dynamic head in the test section and dynamic 
head in the approach section as measured with the large and 
small pitot-static tubes, respectively. It was therefore 
considered that observations of dynamic head with the small 
pitot-static tube could be used with a calibration constant 
of unity to obtain true measurements of dynamic head. 
The positioning jig consisted of a mounting bracket 
which could be moved vertically by a nut with spring-loaded 
bearing against the mounting bracket. The vertical post 
along which the bracket moved held a micrometer dial to 
measure the vertical distance through which the bracket 
carrying the pitot-static tube was moved. This device was 
clamped to a machinists micrometer stand with a heavy base 
to hold the equipment in position in the wind tunnel. 
The micro-manometers shown in Figure 13 were used to 
measure dynamic pressure from the pitot-static tubes. These 
micro-manometers had a maximum range of 10 inches of mano­
meter fluid. Headings could be obtained directly to C.GCl 
inches of fluid and estimated to C.C0C5 inches. The mano­




Experiments to obtain information on the character and 
direction of the flow pattern over certain open-front build­
ing models were conducted in the smoke tunnel preliminary to 
other experiments. The cardboard, models mounted on a sheet 
of transparent plastic were subjected to a smoke jet speed 
of approximately 80 ft. per minute. The air speed through 
the smoke chamber was ascertained by timing the traverse 
of small, persistent vapor eddies o.ver a measured distance 
marked on the glass side of the chamber. It was found that 
a speed of approximately 80 ft. per minute produced a clearly 
discernible smoke pattern when photographed. 
Two different model scales were employed in the photo­
graphy of the flow patterns. A model front height of about 
five times the vertical spacing of the smoke jets was found 
to result in better-defined smoke patterns than the other 
model scale used of 2 g times the smoke jet spacing. The flow 
patterns for the larger models were developed, at a Reynolds' 
number of approximately 120C, wherein the height to the front 
eaves of the model was taken as the significant length term. 
The Reynolds' number for the smaller models was approximately 
600. Successful photographs of flow patterns were obtained 
for models with roof slopes of 2/12 and 6/12, respectively; 
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ratios of roof slope length to front height of 4.3, 3.7? 
1.5 j and. 1.4; barrier s pacings of 3.C and 3. G times the front 
height upwind from the building; and rear wall opening height 
of 0.4 times the front height. 
The slopes of the smoke jets over the roof as a func­
tion of height above the leading edge were measured from the 
photographs by graphical methods. The grid lines scribed 
on the model background were used as the horizontal refer­
ence direction. These slope data were used to plot curves 
as shown in Figure 14. These were later used to select 
appropriate directions in which to position a pitot-static 
tube when making velocity traverses over the leading roof 
surfaces of models in the wind tunnel, and for orienting 
anemometers when making velocity measurements over a proto­
type structure. 
Simulation of a natural wind pattern 
Rational analysis had indicated that it was necessary 
to produce a wind profile in the testing channel that would 
be similar to a natural wind profile typical of winds which 
could be expected to produce force effects on low open-
front buildings. Wind data in the literature on variation 
of velocity with height in the lowest 30 ft. of the wind 
layer appeared to be meagre, especially for winds other than 
breezes. Stewart (47) and Thornthwalte et al, (55) reported 
some data on wind velocities at heights from close to the 
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ground up to approximately 21 ft. for Stewart's data and 21 
ft. for Tliornthwaite' s data. The measurements were made at 
O'Neill, Nebraska, over open, grassed countryside, and on 
occasions, during wind movement of more than 20 mph. It 
appeared that their data would be indicative of the varia­
tion of wind velocity with height in the zone that would be 
occupied by open-front livestock shelters. Hence, their 
data were analyzed to obtain an expression for a typical 
wind profile over open countryside in the wind near the 
ground. The procedure followed was to select only those 
data from the observations of Stewart and Thornthwaite for 
wind speeds of 20 mph or greater at the maximum height of 
each observation. All of Thornthwaite's data were based on 
a 60-minute observation period. Stewart's data were re­
ported for observation periods of 15 and 60 minutes, respec­
tively; but to conform with Thornthwaite's data, only the 
values for 60-minute observation periods were used. The 
data selected for analysis are listed in Tables III and IV 
respectively. 
Trial plotting of the selected data indicated that a 
power law of the form 
where u and u. are wind velocities at height Z and an index 
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TABLE 111 Mean oû-minute wind speeds 
at O'Neill, Nebraska, 1955 
Mean Wind Speed, Meters/Sec. 
Date Hour Height above Ground, cm. 
40 80 160 520 640 
8/9 0850 6.05 7.29 8.50 9.$$ 10.51 
8/9 0950 $.70 6.9$ 8.08 9.08 9.91 
8/9 1050 6.$5 7.74 9.01 10.17 11.0$ 
8/24 1250 6,60 7.84 8.90 9.97 10.86 
8/24 1550 6.56 7.54 8.60 9.61 10.44 
8/24 1450 6.72 7.98 9.08 10.17 11.04 
8/24 1$50 6.40 7.$9 8.68 9.72 10.62 
8/24 1650 6.2$ 7.44 8.50 9.$$ 10.50 
8/2$ 0750 $.92 7.10 8.10 9.08 10.02 
8/2$ 0850 6.9$ 8.52 9.44 10.$7 11.65 
8/2$ 0950 6.76 8.04 9.21 10.52 11.55 
8/2$ 1050 6.40 7.61 8.67 9.66 10.57 
8/2$ 1150 6.59 7.87 8.99 10.00 10.99 
8/2$ 1250 6.60 7.8$ 8.92 9.95 10.86 
8/2$ 1550 6.70 7.97 9.0$ 10.09 11.06 
8/2$. U50 6.59 7.84 8.88 9.90 10.80 
8/2$ 1$50 6.05 7.19 8.19 9.16 10.06 
8/2$ 1650 6.05 7.18 8.1$ 9.14 10.00 
8/28 1250 6.50 7.44 8.$2 9.41 10 = 28 
8/28 1550 6.81 8.02 9.17 10.21 11.22 
8/28 1450 6.68 7.84 8.96 9.91 10.91 
8/28 1550 6.54 7.48 8.$8 9.$$ 10.61 
8/28 1650 6.55 7.6$ 8.79 9.7$ 10.80 
8/51 1550 $.94 6.98 7.9$ 8.85 9.5$ 
8/$1 1450 - 6.19 7.51 8.52 9.24 - 10.04 
8/$1 1550 6.01 7.14 8.1$ 9.06 9.84 
8/51 1650 6.09 7.18 8.15 9.12 9.99 
Table IV Mean 60-rninute wind speeds 
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8/24 1235 7.45 9.53 10.15 
8/24 1435 7.69 9.98 _ _ _ _ _  
8/24 1635 7.55 9.75 10.51 
8/25 0835 7.96 10.32 11.11 
3/25 1035 7.74 9.88 10.61 
8/25 1235 8.15 10.44 11.19 
8/25 1435 7.61 9.72 10.46 
8/25 1635 7.15 9.22 9.97 
8/31 1435 7.4? 9.53 10.44 
CO
 
V) H 1635 7.05 9.22 10.12 
9/7 1235 7.65 9.74 10.06 
9/7 1435 7.14 9.11 9.93 
9/7 1635 6.73 8.68 9.58 
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Height, respectively, would, provide an adequate description 
of the variation of wind velocity with height. An analysis 
of linear regression as given "by Snedecor (46, p*. 13?) was 
used to determine the exponent "b" for each of the two sets 
of data. The mean exponents found were 
for Thornthwaite's data, b = 0.181 
for Stewart's data, b = 0.169* 
These values were presumed to be typical of the wind 
profile which would give rise to wind loads on open-front 
livestock shelters. These may be compared to a value of 
1/7, or 0.143 that has been adopted by structural engineers 
and some investigators as representative of the variation of 
wind velocity with height for elevations greater than 30 
ft; although others have presented evidence for a higher 
value. 
To obtain a wind velocity profile in the testing channel 
that would approximate the profile represented by a power 
law with an exponent of 0.17 to 0.18, experiments were con­
ducted on variation of wind velocity with height as affected 
by treatments of the channel floor and channel entrance with 
screening. 
Wind velocities were measured in the testing channel 
with the pitot-static tube traversing equipment at heights 
above the channel floor varying from 0.0667 times the shelter 
front height to 2.0000 times the shelter front height. 
Vertical traverses were made with the pitot-static tube cen­
tered in the testing channel and with the tip of the tube jG 
inches downwind from the entrance. The channel floor and 
entrance treatments included (a) coarse sandpaper floor, (b) 
16-mesh screen floor, (c) a curved, 16-mesh screen across 
the channel entrance, and (d) various combinations of vertical 
screens across the channel entrance. The best approximation 
to the desired wind gradient was obtained with a combination 
treatment of the channel floor and channel entrance. This 
included a floor lining of 16-mesh screen extending from the 
channel entrance 35 inches downwind, plus a set of screens of 
several sizes of mesh across the entrance. It was found that 
floor treatment alone produced no effect on velocities above 
approximately 0.9 inches or about 0.5 times the building 
front height. However, it was found possible to control the 
velocity gradient by chosing screens of different mesh sizes 
to place at appropriate heights across the channel entrance. 
Thus, by trial adjustment of screen size and position, a 
combination was obtained which gave a satisfactory approxi­
mation to the desired gradient, with a slope on a log-log 
plot of 0.175. The wind velocity gradient finally obtained 
in the testing channel has been plotted in Figure 15 and 
compared to a gradient defined by a power law with an expon­
ent of 0.175* The screen combination at the channel entrance 
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lé and diagramed in Figure 17. 
After the desired wind gradient had been established at 
mid-channel, a more detailed velocity survey was made in the 
testing channel at a station 35 inches from the channel en­
trance. In order to minimize friction effects of the channel 
walls on the wind pattern, the walls had been waxed and 
polished with two coats of ordinary paste floor wax. Tra­
verses from a height above the floor of 0.0667 times the 
front height to 4.0 times the front height were made at 
mid-channel, and a position 1-11/32 inches from each channel 
wall. These positions were at the centers of three zones of 
equal area, and, with respect to the position at which the 
models were later installed, were 1 inch ahead of the lead­
ing eaves of the model. 
Data collected during the velocity traverses included 
observations of barometric pressure; ambient air temperature; 
observations of the dynamic head at the tunnel speed gage 
manometer and the testing channel, respectively (at each 
vertical position of the pitot-static tube); and the temper­
ature of the tunnel air in the testing section. In reducing 
the data, it was assumed that the density of the air in the 
wind tunnel test section was equal to the ambient air den­
sity corrected for tunnel air temperature. 
Figure lé Vertical screens 
at channel entrance 
Figure 17 Arrangement of 
vertical screens at 
channel entrance 
Hole: Screens Shown Supplemented By 
Mesh Screen, f High, -J-" To Leeword 
01 Main Screen, Willi Top 4 Above Floor. 
QQ 
Determination of adequate wind velocities 
An experimental study was conducted to ascertain the 
wind velocity at which the wind flow in the testing channel 
/?• /  / 2  
could be considered fully developed, so that 'C would 
maintain a constant value within the selected testing speed 
range. Accordingly, a calibration curve of testing channel 
wind speed versus tunnel speed gage setting was prepared. 
Testing channel speed, u, was measured 1 inch ahead of the 
model leading roof edge and 5-5/8 inches above the channel 
floor with a building model in place with a roof slope of 
4/12 and a roof length to front height ratio of J.O. Wind 
speeds in the testing channel were read from this calibra­
tion curve for computing ^ • 
After the testing channel had been calibrated, an 
experiment was conducted to measure f as a function of 
^C ^ ' wherein channel approach length was used as 
the significant length term. In this experiment, reaction 
forces at each of the twelve model surface supporting points 
were measured for testing channel velocities ranging from 
approximately 17 ft. per sec. to 88 ft. per sec., or 60 mph. 
Measurement of wind forces 
The main experiments in the present study consisted of 
measurements of wind force reactions on the building model 
components as influenced by shape and size variables. The 
gênerai procedure consisted of first adjusting the model roo 
slope to the desired angle, and then conducting a set of ex-
perimental runs with a constant wind speed setting while 
strain readings were made at each of the reaction weighing 
devices. 
Roof slope changes were made by loosening the clamping 
strips on the outside of the channel walls to permit the 
weighing bar mounting plates to be shifted to hold the two 
roof surfaces at the desired slope. The appropriate slope 
lines were marked on the sides of the testing channel so tha 
the pins which projected through holes in the channel wall 
from the corners of the model surface components would be 
visually aligned. The schedule for each set of experimental 
runs for a given roof slope and length is outlined in 
Figure IS. It was found that vibration in the tunnel and 
unsteady force effects caused noticeable unsteadiness of the 
galvanometer needle on the strain indicator. Hence, three 
replications of the strain indicator readings were made 
during each experimental run in order to reduce the observa-
tlonal error. After completion of each run, the wind tunnel 
was shut down, and a ro-load reading for each of the weigh­
ing bars was obtained. 
Other observations made during each run Included the 
wind tunnel speed gage static pressure, and the tunnel air 
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1 0.0 




4 2.0 1.0 
5 1.5 0.5 
6 0.0 — — — — — — 
7 8 . 0  1.0 
8 0.4 0.8 0.5 
9 2.0 1.0 
10 0.5 
11 0.0 — — — — — 
12 8.0 1.0 
13 0.0 0.8 0.5 
14 2.0 1.0 
15 3.0 0.5 
16 0.0 — — 
17 8.0 1.0 
18 0.4 0.8 0.5 
19 2.0 1.0 
20 0 . 5  
Fiîrure 18 Schedule of treatments for model 
experiments on wind force reactions 
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end length, observations were made of barometric pressure, 
ambient air temperature, and manometer tare readings at the 
beginning and end of each set. 
Weighing bar tare drag tests 
After completion of these experiments on reaction 
forces, an experiment was conducted to measure wind tare 
forces on the weighing devices. These forces were caused 
by wind flow impinging on the weighing bars on the outside 
of the testing channel. A guard screen had been installed 
on the outside of the channel walls to minimize wind effects 
on the weighing bars, but it was not found feasible to com­
pletely eliminate these tare forces. The force measurements 
were conducted with the weighing bars in position for a 
model with a roof slope of 6/12 and at 9 speed increments of 
from approximately 17 ft, per sec. to 38 ft. per sec. 
Oscillatory forces 
During the experiments on reaction forces, a compara­
tively large, non-steady-state or oscillatory effect was 
noted. This was especially pronounced at roof slopes flatter 
than 6/12 and with a solid barrier. The Sanborn oscillograph 
in conjunction with the bridge balancing unit was employed to 
obtain traces of the reaction load oscillations that existed 
at roof slopes of 12/12, 5/12, and 2/12. 
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Measurement of velocity patterns for models 
An experiment was conducted to measure the wind velocity 
pattern over a selected model arrangement. The results were 
later used in a validation study for comparison with the 
pattern over a prototype building. The selected model had a 
roof slope of 6/12 and a roof length to front height ratio 
of 1.5* The velocities at selected stations over the roof 
were measured with the pitot-static tube traversing equip­
ment. The angle of the tube was adjusted for each position 
to conform with the direction of the smoke path lines 
measured from photographs of this model shape in the smoke 
chamber. The velocity measurement station locations and. the 
angle of inclination for each measurement are diagramed in 
Figure 19. 
The general procedure used in conducting the velocity 
survey was to position the velocity traversing equipment with 
the tip of the pitot-static tube at the desired position and 
orientation. Then, dynamic head was measured for wind speeds 
ranging from approximately 40 ft. per sec. to approximately 
80 ft. per sec. This procedure was repeated for all posi­
tions at each station, until the upper point at the station 
was reached. Then the traverse was repeated by moving down­
ward one point at a time, so that at each station, two 
observations of dynamic head were obtained. 
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Figure 19 Location of stations and points 
of velocity measurement over 
model and prototype 
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ventilation slot in the rear wall amounting to 0.4- times the 
rear wall height. It was observed that with the ventilation 
slot open, fairly large, erratic pulsations in dynamic head 
at the pitot-static tube occurred, whereas with the slot 
closed the pulsations were smaller, particularly for observa­
tions close to the model roof. 
During the experiments to measure wind forces on the 
model shelter components, data were also collected on wind 
speed through the leeward wall ventilation slot. These data 
were obtained for each model treatment that Included a rear 
wall opening by means of a pitot-static tube at mid-height of 
the slot, midway between the walls of the channel. 
Velocity study over prototype 
An experiment was conducted to evaluate the velocity 
pattern that existed over a prototype shelter on the Oklahoma 
State University Dairy Farm, Stillwater, Oklahoma. The pro­
totype shelter was a typical open-front shelter 48 ft. long, 
with a front height of 10 ft., roof slope of 6/12, and a 
roof slope length to front height ratio of 1.5. It was 
situated facing south in an open pasture area with an unob­
structed area to the south that sloped downward at a rate of 
approximately 100 ft. in 1§ miles. The only wind obstructions 
for a distance of 1§ miles were some small, portable hog-
farrowing houses about |mile south of the shelter. The 
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pasture area for approximately mile upwind was overgrown 
with low weeds and grass up to approximately 12 in. high. 
The shelter was located on a small prominence approxi­
mately 3 ft. higher than the general level of the terrain 
upwind from the shelter. The upslope to the shelter began 
35 ft. upwind from the front of the shelter. 
A special framework was constructed to use in making the 
velocity measurements over the roof. This framework consisted 
of an "A"-frame to support the upper end of a ladder, with a 
rail to lock the lower ends of the ladder and the ::Av-frame 
together. Adjustments were provided so that the height and 
angle of the ladder and "A'"-frame could be adjusted to suit 
the slope of the roof and the elevation above the roof at 
which velocity measurements were to be made. When in position, 
the assembly was tied down with ropes to prevent overturning. 
Figure 20 depicts the equipment in place on the roof of the 
shelter. 
Prior to measuring wind velocities over the shelter 
roofj the velocity gradient over the pasture upwind from the 
shelter was measured. This was accomplished by erecting the 
î: A "-frame assembly at a point 65 ft. south of the shelter. 
A pipe was then clamped in a vertical position to the upper 
end of the ladder so that a light crossarm to carry a vane-
type anemometer could be clamped at the desired heights to 
the vertical pipe. A velocity traverse was then made from 
Figure 20 Equipment for wind 
velocity measurement s 
over shelter roof 
Figure 21 Equipment for wind 
velocity measurements 
over pasture land 

the end of a pick-up truck, end a horizontal arm clamped to 
the side rail of the ladder. The anemometers were positioned 
to face due south. The anemometer over the pasture was set 
In a horizontal position, while the one over the roof was 
positioned at angles of inclination corresponding to those 
which had been measured at corresponding positions over the 
models used in the smoke flow pattern visualization studies, 
and later, in the measurements of velocities in the wind 
tunnel over the models there. These angles of inclination 
were as listed in Figure 19. 
Evaluation of testing methods 
The reaction weighing bar system performed about as an-
ticipated. It was found possible to obtain data rapidly from 
which the reactions on the component surfaces could be ob-
tained without undue labor in reduction and plotting of data 
as would have been necessary if the data had consisted of 
piezometric readings. 
Some mechanical difficulties were experienced because 
during some experimental runs in measuring reactions, the 
strain gage lead wires worked slightly in the wind and 
occasionally became short-circuited through metal oarts of 
the weighing devices. The snap fasteners used for quick 
connections between the strain gage lead wires and the exten­
sion wires to the switching and balancing unit did not appear 
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entirely suitable for strain gage hook-ups, since there 
appeared to be enough change in contact resistance at the snap 
fasteners when the parts of the snap fastener were shifted 
about to noticeably change the resistance of the strain gage 
circuit. 
The weighing devices used for the rear wall could have 
been improved by choosing a cantilever of thinner material so 
that the devices would have possessed greater sensitivity. 
This increased sensitivity would have been especially desir­
able for the rear wall surfaces because they were smaller in 
area than the roof surfaces, and were in a zone of reduced 
wind velocity. As a result, the reactions due to wind effects 
on the rear walls were generally small. In general, it would 
appear desirable to design the reaction measurement devices 
with sensitivity in inverse ratio to the areas of the surfaces 
on which the devices would be used. 
The velocity traversing equipment was found to be ver­
satile and convenient. There were a few occurrences wherein 
the traversing equipment supporting stand was shifted slightly 
by wind effects, even though it was heavily weighted down. 
A positive, adjustable connection between the stand and the 
floor of the testing channel would have been desirable. 
Ill 
ANALYSIS OP RESULTS 
Flow Visualization Studies 
Qualitative information concerning the effects of build­
ing shape and arrangement on the wind flow pattern developed 
with wind blowing toward the open side of an open-front 
livestock shelter was derived from the photographs of smoke 
patterns over the models. Figures 22 through 28. 
It is clear from Figures 22 and 23 that roof slope is 
a determing factor in whether separation of flow will occur 
at the leading edge of the roof or at the ridge. When the 
roof slope is 6 in 12, the flow lines "hug" the roof between 
the leading edge and the ridge, where separation occurs ; 
but with a comparatively flat slope of 2 in 12, separation 
occurs at the leading roof slope, with formation of large 
eddies which persist the entire length of a roof as long as 
3.7 times the building front height. Hence, it can be said 
that at slopes of 2 in 12 or flatter, the exterior face of 
the leading roof slope is in a wake region; whereas with 
slopes of 6 in 12 or more, the exterior surface of the lead­
ing roof surface is subjected to inertia forces. Since the 
leeward roof and wall surfaces are completely separated from 
the wind flow by a region of nondescript, slowly moving 
eddies or wake when the slope is flat, the pressures on these 
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surfaces should not "be a function of roof slope. 
Distinct eddies form as wind flow enters the open front 
of a flatter roofed shelter. These eddies develop at the open 
front immediately under the leading edge of the roof, then 
become detached to move outward and mingle with the flow pass­
ing over the leading edge. In Figure 22, one eddy is seen 
developing at the underside of the leading surface of the 
roof; while another has become detached and is starting to 
flow outward and upward. Corresponding eddies are not visible 
in the flow pattern of Figure 23 for a steeper-roofed shelter. 
The difference in the flow pattern entering the shelter may 
be partly due to leakage between the sides of the shelter and 
the smoke chamber. 
The shape of the flow pattern upwind from the front of 
the shelter indicates that it begins to be influenced by the 
presence of the building for a distance upwind from the front 
approximately 1.4 to 1.5 times the front height. It is to be 
expected that a closed-front shelter would influence the flow 
pattern greater distances upwind. Part of the upwind flow 
tends to move into an open-front shelter, where it is dissi­
pated in formation of eddies. 
The flow patterns depicted in Figures 24 and 25 reveal 
that a continuous slot or opening in the leeward wall 0.4 as 
high as the building front allows nearly uninterrupted flow 
through the building. It is to be expected that the pressures 
'igure 22 Flow pattern, 
roof- sloioe 2/12, 
igure 2j Flow 
roof slope 6/12 
Vhf 
lljb 
;igure 2s- j'low pattern, 
roof slope 6/12 
i.yhf. 1:4 
Igure 25 Flow pattern, 
roof sloue 6/12 




beneath the roof and in the leeward wake will be nearly equal­
ized through any small leaks in the shelter construction, so 
that pressures on the rear wall will be small and indeter­
minate in character. 
A solid barrier upwind from an open front building, as 
in Figure 26, appears to generate a leeward wake about twice 
as high as the barrier. This wake persists for a distance 
of approximately 20 times the barrier height at least, so 
that a low building can be almost completely within the wake. 
However, a ventilation slot in the rear wall as in 
Figures 2? and 28 alters the character of the flow in the 
wake of the barrier and reduces the sheltering effect. Some 
dynamic pressure may be expected against the entire surface 
of the leading roof. The pressures on the leeward wall are 
likely to be indeterminate, since the building interior and 
the wake in the lee of the shelter can experience pressure 
equalization through small leaks. 
The data obtained in the experiments on reactions as a 
function of wind speed in the testing channel were analyzed 
Adequate Testing Channel 
wind Velocities 
by computing and plotting as a function of N 
1 : E 
where 
ure 26 Flow oattera 5 
roof slone 6/12 
L /h,. 1.3, 
S^/h^. 8.(', 
ure 29 Plow pattern, 
roof slope 6/12 
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In these foregoing parameters, the nomenclature is as folic 
/?• = normal reaction, disregarding sign, devel­
oped at a building surface reaction point 
= wind velocity in testing channel, measured 
35 inches from channel entrance and 5-5/6 
inches above floor, 
= slope length for roof surfaces, and wall 
f height for rear walls, 
J_ = testing channel length, ft., from channel 
c entrance to point of velocity measurement 
or 35 inches from entrance, 
= wind tunnel air density, 
JX = air viscosity. 
The results of the analysis are tabulated in Table V 
and plotted in Figure 29, wherein the range of N- is indica 
within which the subsequent main experiments were conducted 
on ft as influenced by shape, size, and distance factors : 
the models. It is evident that the testing range was well 
beyond the critical range of about 5 x ^ I'L, -*=• 6 x 10-5 
and the variation in if was slight within the testing ran? 
It was concluded that the flow pattern in the testing charme 
was sufficiently well developed within the range of testing 
velocities subsequently used so that Tf was substantially 
constant. An exception was the behavior of Tf for reactic 
1 
Table V '/, as a function of 
Reynolds' number in 
testing channel 
Wind ' 
Tunnel N I I  x  10 
Control 
Setting x 10^ pt. 1 Pt. 2 Pt. 3 Ft. 4 Pt. 5 Pt. 6 
1-15 3.52 4.62 4.07 7.55 7.05 8.65 1.69 
1-12 4.43 3.73 4.08 7.44 7.25 7.25 1.42 
H 1 H O 5.08 3.60 3.91 7.08 6.97 8.?8 0.82 
1-5 5.50 5.4o 5. 26  10.90 10.82 12.45 1.99 
1-0 7.13 5.46 5.22 10.93 11.02 12.42 7.68 
2-8 8.16 5.66 5.40 11.65 11.62 12.42 9.28 
2-0 9.52 5.41 5.03 12.25 11.93 12.83 10.80 
3-0 10.45 5.78 5 .02  12.48 12.18 12.78 11.12 
4-0 12.75 5.34 4.80 12.18 11.75 12.48 11.21 
5-0 13.42 6.25 5.08 13.13 12.78 13.20 12.90 
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Increased from about 1.1 x 10" at Hp = l.Q x 10° to 1.25 : 
— 1 6 1° at N = I.I x 10 . It appears that the wind layer clc 
to the channel floor, which would primarily affect the re­
action at point 6, was slowed so that fully developed flow 
was not attained there until a higher velocity was reached 
in the main windstream than was needed for fully developed 
flow at higher elevations. The variation in Tf^ for point 
6 through the testing range amounted to about 14 percent. 
Energy Distribution in Testing Channel 
The data obtained in the experiments on velocity distr 
bution in the testing channel were analyzed with the object 
of obtaining a set of calibration curves of average dynamic 
pressure in the testing channel for a given dynamic head on 
the wind tunnel speed gage. These calibration curves, show 
in Figures j4 and 35 were subsequently used to compute valu 
of the Tf terms for the main experiments. 
1 
The general analytical procedure used to reduce the da 
from the experiment to the curves of Figures 34 and 35 was ' 
first plot curves of dynamic head in the testing channel 
versus dynamic head at the wind tunnel speed gage for each 
height position at each of the three stations in the testing 
channel. These plots are shown in Figures jO through 32. 
Next, at selected wind tunnel speed gage values of 0.33, 0/ 
Figure 21-- Flow pattern, 
roof slope 6/12 
Ly/h^ 1.4 
Figure 25 Flow pattern, 
roof slope 6/12 
119b 
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K l O  
Réaction parameter as a function 
of Reynolds1 number in testing 
channel 
Note: h = Height Above 
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Figure 31 Dynamic head in testing channel} 
station 3 
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Figure 32 Dynamic head in testing channel9 
station 3S 
12 
L.4-J), u.51, and 0.57j respectively, all in lbs. per so. ft., 
three values of dynamic head in the testing channel were read 
from Figures 30 through 32 for each height increment. These 
three values corresponding to each of the three stations of 
velocity traverses were averaged and plotted as average dynamic 
head in the testing channel versus height above the channel 
floor. The results of this plot are shown in Figure 33* 
i'lext, a linear analysis of regression of dynamic head in 
the testing channel on height above the channel floor by the 
method of least squares was applied to obtain the slopes of 
the lines in'Figure 33, which slopes correspond to the expon­
ent , 2n, where "n" is the exponent in a power law expression 
for variation of wind speed with height, 
where u and u are the wind velocities at heights h and h , 
O ^ x o 
respectively, above the floor or ground. Inspection of Figure 
33 revealed that a discontinuity in slope seemed to exist at 
a height of about 0.0625 ft. above the testing channel floor. 
-Therefore, a regression analysis was made to establish appro­
priate values of the exponent above and below this point of 
discontinuity. The exponents obtained by this analysis are 
listed in Table VI. It is of interest to compare these values 
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Figure 33 Variation of mean dynamic head with 
height in testing channel 
Table VI Exponents for variation 
of dynamic head and 
velocity with height 
Unper Elevations 
0.0625 Ft. to .4? Ft, 


































natural wind velocity. He recommended exponent, values 
of C.2? for winds of $ 0  rnph at J O  ft.; and 0.23 for winds of 
30 rnph at 30 ft. A value of 1/7, or 0.143 has been generally 
used for winds above 30 ft., with the assumption of constant 
velocity below JO ft. 
Finally, the expression 
1 
Ah dh 
was combined with the power law relationship for variation 
in dynamic head with height, 
and integrated to srive 
A h  
Ah. 
zn-H 




= average dynamic head, lb. per ft. of channel 
width, integrated from channel floor to 
model ridge height, 
= model ridge height, ft., 
£ fa = dynamic head, lb. per sq. ft. in testing 
channel at height h above channel floor, 
Ail = dynamic head, lb. per sq. ft. in testing 
0 channel at reference height h , 
12? 
2. n = exponent for variation of dynamic head with 
heights above channel floor (cf. Table VI) 
This expression was evaluated for each model ridge height 
to be used in the subsequent experiments as determined by roof 
slope and roof length. Values of dynamic head, t:q", were then 
plotted as a function of wind tunnel speed gage dynamic head., 
AK j^ as shown in Figures 3^ and 35• From these, it was 
possible to read the mean dynamic head in the wind approach­
ing the model between the floor and ridge for each model 
height as fixed by roof slope and roof length. 
Wind Force Reactions 
Reduction of data 
For the main experiments on steady-state wind reactions 
as affected by shelter shape and size variables, data were 
collected in the form of strain readings corresponding to 
reactions developed on the weighing bars which supported the 
model surfaces in the testing channel. These strain readings 
were converted to equivalent reactions by applying the appro­
priate weighing bar calibration constants. The reactions were 
then corrected for wind tare load on the weighing bars with 
the data of Figure j6 to obtain a corrected reaction E'. 
These corrected reactions were used to compute Jf according 
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Figure 35 Testing- channel calibration 
for Lp/hf = 2>.0 
+ 200 
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0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 
In. Of Alcohol, 89° F, At Speed Gage 
Figure 36 Weighing bar tare loads 
wnere 
^ = net or corrected reaction, lb., where sub­
script has values of 1, 2, 3, 4, 5 > 
or 6, corresponding to reaction points 
2, j, 4-, 5, or o, 
= mean dynamic force in testing channel, over 
a section 1 ft. wide and as high as the 
ridge of the model, lb./ft. of building 
width, 
hr = model ridge height, ft. above ground, 
1 = model roof slope length, ft., for reaction 
points 1 through 4; or the model eaves 
height for reaction points 5 and 6, 
V/ = model width, ft. 
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A sample calculation for proceeds as follows: 
132 
Consider oomeutatlon of H for reaction ooint D\ 
1 1 
(lower edge of leading roof surface) under the following 
conditions : 
Tf = l /h =1.5 
2 r f 
Tf = h /h = ".0 
3 b f 
TT = h /h = 0.0 
5 o f 
"TT = 0 2/iî 
The observed values derived from calibration curves were 
1 
E1 =-0.3553 lb. (corrected for tare load), 
q = 1.420 lb./ft. (from Figure 34 at ù h = 0.5065 
lb. per sq. ft.) 
hy = 0.19478 ft. 
:Ly = 0.23438 ft. 
W = 0.66667 ft. 
Ther Ll 
TT^ = (E ' ,  /q)  % (hy/LyW) 
Tr% = -0.3118. 
In the computation of IT,, the sign convention adopted 
for E^ was a negative sign for reactions that resisted a net 
133 
outward pressure, and a positive sign for reactions that re­
sisted a net inward pressure. 
The results of the computations of TjT are tabulated in 
Figures 37 through 40. 
Statistical analysis 
Statistical analyses of variance were conducted on the 
data for Tf to obtain information on the relative effects 
1 
of model shape and arrangement characteristics on variation 
of . These analyses were performed according to the 
methods given by Snedecor (46, Section 11.14). 
One analysis was conducted wherein values for Tf^ ob­
tained with an upwind barrier were compared with values 
obtained without barrier effects, so that the treatments or 
main effects included the following: 
1. Roof slope - 7 roof slopes, 2/12 to 12/12, 
respectively, 
2. h /h - 0. 0 and 0.4, 
0 f 
3• h /h - 0.0 and 0.8, (i.e., barrier present and 
D f barrier absent, respectively), 
4. Reaction point - 6 reaction points, 
5. L /h - 1.5 and 3•0 
r f 
A second analysis was conducted with only the values of 
IT obtained in the presence of an upwind barrier. This 
1 
included 6 main treatments or variables : 
1. Hoof slope - 7 roof slopes, 
1;4 
2. h /h - 0,0 and C.4, 
o f 
3. Reaction point - 6 reaction points, 
4. L /h _ 1.5 and 3.0, 
r f 
5- &%/&. - 8'G a%a 2.0, 
6. - 0.0 and 0.5 
. In each of these foregoing analyses, the summation of 
mean squares for all second and higher order interactions was 
regarded as a valid estimate of variance due to random devia­
tion and experimental error in computing values of "f", or 
variance ratio, for the main treatment effects and the first 
order interactions. 
The results of the analysis of variance are presented in 
Table VII for the analysis for barrier presence effects, 
(h^/h = 0.0 and 0.8); and in Table VIII for the analysis 
with four barrier variables when a barrier is present (two 
variables of barrier spacing and two of barrier ventilation). 
The data tabulated as "Significance Level, Percent" in these 
two tables were read or interpolated from Hala (24, Table VIII)„ 
The interpretation to be associated with these significance 
levels is one of probability. For example, consider in Table 
VII the significance level of 99.4 percent associated with 
the effect on variance in 'Tf of two treatments of roof 
length to front height ratio, L^/h . It is indicated that if 
a population of normally distributed Tf values were available 
ci 
o 
•H Roof Slope, Q 
-P +J 
«C £ fO U C P< d *H 
M S A 12/12 9/12 6/12 5/12 4/12 3/12 2/12 
i + 667 + 444 174 393 917 1517 3526 
2 + 52 216 704 1003 1368 1825 2987 O 1 1 3 1749 1777 2031 2276 2347 2527 2683 
o 4 1711 1840 2165 2232 2219 220b 1989 
5 1442 1382 1538 1487 1757 1838 20 49 
6 450 528 637 551 611 543 624 
1 + 686 + 536 + 505 + 391 + 313 + 209 163 
2 + 612 +• 479 + 321 + 175 62 188 321 
3 99 164 295 • 660 1001 1028 664 
°. 4 + 123 •+• 3 153 458 434 267 205 
rH 5 + 257 +- 282 + 296 +. 200 + 217 + 255 + 231 
6 + 379 + 402 + 393 + 361 + 336 +. 458 •+ 468 
CO 1 + 663 +- 517 + 321 + 86 4 323 992 
2 + 595 + 3 59 -t- 78 201 301 513 730 
m 3 579 53 6 584 901 866 850 741 
o 4 512 544 613 741 583 380 328 
5 337 145 176 135 136 0 28 
6 -t 58 + 48 + 100 + 133 + 231 + 242 f 322 
1 + 2394 + 1432 + 434 + 196 + 68 147 146 
CO 2 t- 1528 + 1141 + 362 + 147 + 71 63 162 
o o 3 +- 126 51 + 18 137 + 50 +. 15 +. 75 
4 + 388 + 93 + 55 + 73 -h 176 +- 248 +• 369 
5 +• 262 -h 273 + 388 + 421 +- 536 +- 580 + 562 
6 + 348 t- 367 + 448 + 478 +- 528 4- 618 -h 584 
1 + 1179 + 867 +. 427 t- 139 230 703 1619 
2 + 683 + 350 31 330 598 1041 1168 
0 in 3 986 977 924 1155 1295 1616 1127 
• 4 1023 1071 986 1061 1013 891 627 CM o 5 825 579 385 452 498 475 212 
6 171 218 102 73 +• 14 52 -t- 195 
Figure 3? Tf t for Lr/hf = l05s hQ/hf = 0.4. (Use .factor of 10"^ 







a o _ 
•H -P 
•p a 0 -H id O 01 Pk 
ci 
Boof Slope, 6 










































































































































































































































































Figure 38 Tfi — le5? h0/h£. — 0o0o (use factor 
of 10-^ with tabulated values®) 
«H 
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•H +» Roof Slope,@ 
SS si •P C S \ .D O -H SI XI A d O 
si M 0) p, 
oi 12/12 . 9/12 6/12 5/12 4/12 3/12 2/12 
1 + 111 71 448 678 781 1716 2198 
2 297 468 869 872 634 1665 1860 
o 3 2168 1931 1443 1360 , . 1583 1750 1891 
o 
1 1 4 1799 1865 1429 1349 1573 1375 1328 
5 1734 1882 1526 1572 1356 1099 957 
6 1927 1633 1393 1353 1014 -1063 1203 
1- + 492 + 450 270 + 285 + 366 + 141 4- 118 
2 + 650 + 503 + 369 + 317 + 527 50 4- 28 
o 3 490 355 25 32 35 107 73 
4 398 270 23 + 27 + 37 + 334 4- 351 
5 236 22 + 293 + 398 + 379 + 931 4- 1086 
o 6 340 84 + 211 + 262 + 273 + 747 4- 642 
CO 
1 + 107 1 76 128 115 315 4.0 6 
2 7 82 224 229 4- 91 316 279 
IO 3 1307 1148 689 561 637 321 294 
4 1146 1083 675 454 622 138 184 
o 5 960 1041 597 577 302 45 4- 204 
6 1069 875 570 414 437 + 156 + 49 
1 + 753 4- 688 + 530 4- 496 + 603 + 275 4- 232 
CO 2 + .424 + 469 + 356 + 332 + 743 + 296 + 371 
o 3 1273 996 318 129 114 + 390 4- 661 o H 4 1107 948 285 97 54 + 645 4- 911 
5 994 853 169 + 21 + 302 4- 1072 4- 1466 
6 1155 762 177 + 43 + 164 4- 909 4 1249 
1 + 159 84 348 528 604 1040 1304 
°- 2 181 390 679 689 492 968 1184 
in 3 1777 1724 1267 1035 1310 952 955 
0" 4 1638 1618 1237 1088 1259 779 659 
5 1466 1583 1146 1107 1000 582 402 
6 1632 1413 1091 957 1077 489 172 
Figure 40 1 W for L^/hf = 3=0, h0/hf ~ 0„0e (Use factor of 
10*- 4 with tabulated values; 
•iâBLE VII Analysis of variance due to 



















6 2,115,619 6 552,270 1.754 89 
hg/hf 10,555,991 1 10,555,991 52.554 99.95 
hbAf 198,507,958 1 198,507,958 987.476 99.95 
Reaction 
Point (R.Ps) 
64,648,615 5 12,929,725 64*584 99.95 
Lr/hf 1,545,201 1 1,545,201 7.684 99.4 
1st Order 
Interaction 
0 on h^/hf 10,204,558 6 1,700,756 8.469 99.6 
G on h^/hf 15,721,226 6 2,620,204 15.047 99.95 
0 on R. P. 82,451,267 50 2,747,709 15.682 99.95 
Ô on Lr/hf 8,004,419 6 1,554,070 6.645 99.95 
h0/hf on h^/hf 156,050 1 156,050 1 —™— 
h0/hf on R. P. 4,414,578 5 882,916 4.596 99.94 
h0/hf on Lr/hf 54,586 ' 1 54,586 1 —  — — —  
h^/hf on R, P. 4,000,050 5 800,010 5.984 99.8 
hb/hf on Lr/h£. 4,011,758 1 4,011,758 19.976 99.95 
R. P. on Lr/hf 2,925,605 5 585,121 2.915 98.6 
Richer Order 
Interaction 152,424.641 75? 200,825 .... .... 
l4o 
A TD T T? T J T "T" T A ^^ #«. 1 - »• -.«. «» «- -3 • • — * 
— . •. I . O-K O VU. 1 <9KX J.CU10C/ VTL4G VV 
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Totals 265,875,079 671 
141 
••-•Lci-ciii no differences aue to roof length treatment effects 
existed, and this population was sampled in two subclasses 
with the sampling replicated 100C times, in only about six of 
the samplings would a variance ratio, "f", higher than 7.684 
be obtained. 
It does not appear particularily instructive to examine 
in detail the data on significance levels, since the treat­
ments were selected with every expectation and indication 
that they would have a significant effect on the value of 
1Tr The main treatment effects are ranked according to 
variance ratios in Table IX. It is of interest to note that 
the variance ratio due to the effect of roof slope is quite 
low compared to the other treatment effects, and a much lower 
significance level is associated with this variance ratio in 
the analyses for effect of barrier presence and for the effect 
of barrier characteristics, respectively. It is indicated 
that pre-o c cupat i on with roof slope alone, with disregard for 
the possible effects of presence of a barrier, barrier char­
acteristics, and openings in the rear wall is not justified 
when wind forces on open-front shelters are under considera­
tion. 
It is noted that in both analyses roof slope and roof 
length are associated with the smallest values of mean squares 
and variance ratios. The Interpretation is that, in an ex­
periment wherein upwind barrier conditions and leeward wall 
Table IX Rank of variance ratios 
for model treatment 
effects on Tf 
Treatment 
Source of Variance 
When Barrier 









Barrier Ventilation, P b 1 1751 
Barrier Absent Vs. 
Barrier Present, hb/hf 
Reaction Point 
Leward Wall Opening, 
ho/hf 
Barrier Spacing, S^/hf 
Roof Length, Lr/hf 





















opening treatments are introduced, these latter factors have 
such a strong effect on the wind flow pattern over the roof, 
that differences in force effects due to roof slope and roof 
length are largely overshadowed. These results seem to 
parallel the qualitative conclusions drawn from the smoke 
tunnel studies, the photographic results of which are shown 
in Figures 22 through 28, It appears that an open-front 
shelter with an upwind barrier is largely in a wake of non­
descript or eddying flow produced by the barrier; but when 
a ventilation slot -is provided in the leeward wall of the 
building, the wind flow pattern in the wake of the barrier 
will be "sucked down" into the open front and against the 
leading roof surface. 
Certain useful comparisons of a gross nature may be 
formulated from the mean 77^ values corresponding to each 
of the main treatment effects. The mean Tf values have 
1 
been computed as shown in Table X. The relative magnitudes 
of the mean values within each main effect are also shown 
as percentages of the smallest value taken as 100 percent. 
It should be noted that these mean values are not neces­
sarily typical values, since most of them represent a summa­
tion of plus and minus.quantities. However, the percentage 
comparisons give some insight into the relative effect of the 
treatments. The data of Table X reveal that the barrier 
characteristics "ventilation" and "presence" caused more 
144 
TABLE X Comparison of mean values of Tfj 
for treatments in main effects 
Main Effect 
Treatment 
or Position Mean Tfj Percent 








Barrier Presence iib/hf = 0.8 
















Barrier Spacing % = 8.0 = 2.0 -0.00919 -0.02190 100 238 






























radical changes in wind forces on the open-front shelters 
than resulted from changes in roof slope or length. The mean 
value of Tf was nearly 12 times as great when no upwind 
barrier existed as when some kind of an upwind barrier was 
provided. If the barrier was unventilated, the mean wind 
force reactions were outward to resist inward pressures, 
whereas when it was ventilated the pressures were outward and 
about 2-|- times as great in magnitude. A barrier relatively 
close to the building front produced wind force reactions 
averaging about 2 1/3 times as great as occurred with a more 
distant upwind barrier at a spacing of 8 times the front 
height of the building. With regard to roof slope, the 
greatest wind forces were associated with the flatter roof 
slopes of 3/12 and 2/12. This was to be expected, since at 
these slopes, a maximum area of the shelter roof surface was 
in a wake of reduced external pressure. 
Since it appeared that the effects of wind forces caused 
by changes' in roof slope were not large compared to the 
effects of barrier and rear wall ventilation variables, a 
regression analysis of ff on the sine of the roof slope 
angle was conducted to obtain data for prediction of Tf for 
1 
different slopes. Von Karman, (57, p. 15) in discussing the 
historical development of theories of force on a surface 
element in a wind stream, points out that experiments have 
shown that for small angles the force is nearly linear with 
3.46 
the sine of the surface element slope angle with respect to 
the velocity direction of the wind. Values of Tf were 
plotted against functions of the slope angle, including the 
sine, tangent, and cotangent, respectively. It appeared that 
the general trend of the data fitted a sine function at least 
as well or better than a tangent or cotangent function. An 
analysis of linear regression of on the sine of the roof 
slope angle was prepared according to the method outlined by 
Snedecor (4-6, Chap. 6} to obtain the slope "b!i and intercept 
"a" in the relationship 
ÎÇ = cf + b sme (tan 1 e) 
for each of the treatments of Figure 18. The intercepts and 
slopes obtained are listed in Tables XI and XII. Typical 
plots of observed values of together with the regression 
lines are shown in Figure 4l for treatment 4. Broken line 
plots of "TjÇ versus sine (tan ~^©) for many of the treat­
ments revealed marked discontinuities at roof slope angles 
of 3/12 and 4/12. It appeared that in this range of roof 
slope, the flow pattern undergoes a transition. In general, 
the linear regression expression over the range of roof 
slopes from 2/12 to 12/12 should be regarded as a device for 
estimating the trend of the data rather than as a character­
istic expression of the phenomena. 
In order to obtain further evidence of differences in 
14? 
, TABLE Xi Intercepts for 





1 2 5 4 5 6 
1 -0.578 -0.557 -0.259 -O.155 -0.192 -0.174 
2 -0.007 -O.O65 -0.115 -0.044 +0.025 +0.059 
-0.079 -0.085 -0.059 -0.045 +0.009 +0.021 
4 -0.055 -0.010 +0.072 +0.111 +0.181 +0.195 
5 -0.178 -0.162 -0.102 -0.052 -O.O59 -O.O52 
6 -0.549 -0.522 -0.295 -0.256 -0.210 -O.O66 
7 -0.018 -0.058 -0.124 -0.052 +0.022 +0.045 
8 -0.107 -0.110 -0,095 -0.041 +0.007 +0.057 
9 -O.I52 -0.089 +0.000 +0.025 +0.070 +O.O69 
10 -O.I94 -0.175 -0.148 -0.072 +0.015 +0.019 
•11 -O.25O -0.205 -0.148 -0.114 -0.080 -0.074 
12 +0.005 -0.012 +0.016 +0.059 +0.157 +0.102 
15 -O.O99 -0.052 +0.009 +0.019 +0.046 +0.045 
14 +0.015 +0.040 +0.120 +0.141 +0.201 +0.181 
15 -O.I59 -0.151 -0;061 -0.045 -0.018 -0.005 
16 -0.242 -0.249 -0.256 -0.187 -0.079 -0.022 
17 -0.046 -0.047 +0.015 +0.051 +0.071 +0.050 
18 -0.065 -0.065 -0.020 -0.004 +0.055 +0.061 
19 -0.086 -0.047 +0.055 +0.068 +0.066 +0.072 
20 -0.152 -0.127 -O.O6I -0.056 +0.054 +0.028 
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TABLE XII Slopes for 





1 2 5 4 5 6 
1 +0.587 +0.455 +0.087 +0.009 +0.021 +0.0145 
2 +0.082 +0.179 +0.159 +0.054 -0.014 -O.OI55 
3 +0.127 +0.111 -0.059 -0.044 -0.108 -0.121 
4 +0.199 +0.122 -0.179 -0.216 -0.505 -O.514 
5 +0.252 +0.195 -0.077 -0.149 -O.I56 -0.145 
6 +0,665 +0.506 +0.185 -0.075 +0.115 +0.024 
• 7 +0.151 +0.178 +O.165 +0.079 +0.008 -0.011 
8 +0.270 +0.244 +0.057 -0.029 -0.050 -0.051 
9 +0.471 +0.525 +0.005 -0.006 -O.O66 -0.051 
10 +0.476 +0.554 +0.079 -0.057 -0.082 -O.O6O 
11 +0.409 +0.268 -0.062 -0.097 -O.I59 -O.I55 
12 +0.067 +0.111 -0.078 -0.142 -O.256 -0.189 
15 +0.087 +o.o4i -0.196 -0.196 -O.227 -0.222 
14 +0.092 +0.006 -O.556 -0.578 -0.461 -O.454 
15 +0.259 +0.160 -0.165 -0.184 -0.210 -0.247 
16 . +0.476 +0.409 -0.175 +0.049 -O.O85 -O.O62 
17 +0.185 +0.208 -0.051 -0.106 -0,094 -0.066 
18 +0.250 +0.185 -0.079 -0.106 -O.I62 -O.152 
19 +0.594 +0.276 -0.094 -O.157 -0.145 -O.156 
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Figure 4l TT^ as a function of sine (tan-'l ©) 




wind force reactions due to differences in barrier and shelter 
geometry a multiple range analysis as described by Duncan 
(20, sec. 2, pp. 2-7) was applied to the values for the slopes 
and intercepts in the regression expressions for the 20 model 
treatments. The results of this analysis are presented in 
Figures 42 and 43. In these figures, the treatments are 
ranked for each reaction point beginning with smallest values, 
sign taken into account, at rank 1. 
The slope and intercept values for the treatments bor­
dered by a continuous line in the "Range" columns were not 
significantly different at a 5 percent confidence level; 
that is, in sampling from a normally distributed population 
of values of "a" or "bS!, 95 percent of the samples would 
be expected to lie within the respective ranges of Figures 
42 and 43. 
In these experiments, it was hypothesized that viscous 
effects were unimportant, so that the results from model tests 
would be applicable to prototype shelters, even though the 
appropriate Reynolds' number was not the same In both in­
stances. It is of interest to examine the results of the 
multiple range analysis as related to this hypothesis. If 
frictional effects did have an appreciable effect, it would 
be expected that the regression of 7*^ on sine (tan ~^q) 
would be effected by the length of the leading roof surface, 
since this surface was exposed to wind flow with a velocity 













Figure 42 Multiple range analysis for slope "b", re­
gression of. 7T1 on sin (tan-1 6) 































Figure 43 Multiple range analysis for intercept "a"$ 
regression of Tf! on sin (tan-1 ©) 
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component parallel to the roof surface. However, each of the 
pairs of treatments 2-12, 3-13> ..., 9-19 within which the 
treatments were identical except for roof length had regres­
sion slope and intercept values for reactions 1 and 2 (at the 
lower and upper reaction points on the leading roof surface) 
that did not differ significantly within each pair. Treat­
ment pair 10-20 was within the range which overlapped the one 
which included treatment 10, 
Treatment combinations 1-11 and 6-16 were not in accord 
with this pattern. It appeared that for these treatments, 
none of which included an upwind barrier, differences in roof 
length were of greater effect on reactions developed than the 
presence of a ventilation slot in the rear wall of the build­
ing. The roof length effect was not necessarily due to 
increased frictional effects with increased length. If 
frictional effects had influenced the flow pattern, greater 
length would have tended to cause added retardation of flow 
and possible separation of flow from the roof surface so that 
negative pressures could be increased. On the contrary, 
increased roof length resulted in smaller negative forces on 
the leading surface rather than larger. . It appeared that 
increased roof length brought relatively more of the leading 
roof surface into contact with wind flow which had undergone 
separation at the eaves, but then returned to the roof 
surface at same distance from the eaves. 
1^4 
The decreased suction with increased roof length did not 
seem to be caused by the relatively higher average wind velo­
cities that prevailed at greater heights in the wind. If the 
average dynamic pressure in the height zone between the eaves 
and ridge is compared to the average dynamic pressure in the 
zone between the ground and the ridge a correction factor 
for *7^ can be computed. The analysis proceeds as follows: 
It is presumed that the average dynamic pressure in the 
wind flow zone between eaves and ridge should give a more 
realistic value of for the leading roof surface than the 
average pressure between the ground and the ridge. Therefore, 
if the corrected value of "7T is denoted as TT , 
h i 'i 
wnere 
r 
2 u = 
A
Jo U cth 
K 
ir-/hf u'A/fhr-hf) ) 
h = building ridge height, 
r 
h_ = open front eaves height o v 3 f 
u = wind velocity at height h. 
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y 
How if the correction factor U~/U would, account for 
the difference between Tf at Tf = 1.5 and at 7T = 3.0, 
12 2 
respectively, it follows that : 




If, for the terms on the right hand side, the definition of 
1 
U and U are substituted and the integrals evaluated with 
the aid of the power law for variation of wind speed with 
height, 
U = constant * 
the result is 
va.n+i 
KK=}.5 _ ft-~V/r*=3.0 , K,KrL5 /-(^f/V,1tr i.5") 
—— — —- - X x 
',<--5-0 (hr-hflf^ l-5 hr,tr^ 3.0 
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Values of Tf. ^  . /fT according to this exiores-/\iru=3.o 
sion were computed for each of the roof slopes used in the 
experiments and found to lie in the range 1.04 to 1.06 with 
a mean of 1.053. Therefore, it cannot be said that the 
larger average dynamic pressures in the wind stream at 
greater heights completely accounted for the lower suction 
pressures with longer roof lengths, since statistical analysis 
indicated that the roof surfaces with a length of 1.5 times 
the front height had negative pressures that averaged about 
25 percent greater in absolute values than for roof surfaces 
3.0 times as long as the front height. 
The standard errors of estimate of 77^ according to 
the linear regression expression of TT on sine (tan ^&) 
1 
are tabulated in Table XIII. It is indicated that treatments 
1, 6, 11, and 16, had consistently higher errors of estimate 
than were generally found in the other treatments. The 
reason for these higher errors of estimate is illustrated by 
graphs of TT versus sine (tan ~^&) presented in Figure 44 
1 
for reaction 1, treatments 1, 11, 6, and 16; and in Figure 45 
for reaction 2, treatments 1, 11, 6, and 16 ; together with 
the computed regression lines. The indications are that for 
these treatments and reactions, the broken line graphs are 























TABLE XIII Standard, error of estimate 
linear regression of 77^ on sine (tan""1 0 ) 
Reaction 
1 2 5 4 5 6 
0.0455 0.0545 0.0512 0.0142 0.0177 0.0150 
0.0087 0.0074 0.0201 0.0117 0.0089 0.0092 
0.0087 0.0065 0.0120 0.0160 0.0081 0«0041 
0.0150 0.0070 0.0151 0.0078 0.0055 0.0058 
• 0.0120 0.0029 0.0158 0.0090 0.0105 0.0098 
0.0685 0.0569 0.0074 0.0165 0.01 22 0.0052 
0.0121 0.0071 0.0229 0.0165 0.0054 0.0047 
0.0251 0.0049 0.0120 0.0141 0.0056 o.oo4o 
0.0527 0.0175 0.0094 0.0151 0.0058 0.0029 
0.0298 0.0101 0.0204 0.0121 0.0109 0.0075 
0.0555 0.0516 0.0288 0.0151 0.0141 0.0144 
0.0067 0.0162 0.0118 O.OO65 o.oi4o 0.0114 
0.0059 0.0142 0.0095 0.0151 0.0141 0.0141 
0.0092 0.0165 0.0105 0.0171 0.0255 0.0170 
0.0122 0.0159 0.0146 0.0157 0.0159 0.0181 
0.0598 0.0489 0.0554 0.0108 0.0245 0.0086 
0.0085 0.0160 O.OO67 0.0115 0.0208 0.0064 
0.0076 0.0156 0.0072 0.0117 0.0221 0.0086 
0.0215 0.0265 0.0122 0.0156 0.0144 0.0047 








Treat. 6, Regression 
Treat. 16, Regression 
7l2 5/l2 7l2 
Sine (tan-10) 
Figure 44 TTi versus sine (tan™1 6) for treatments 
1, 6, 11$ and 16, reaction 1 
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Figure 45 ff ^  versus sine (tan-1 9) for treatments 
1,6, 11, 16, reaction 2 
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Oscillatory force effects 
During the experiments to measure steady-state wind 
force reactions, a pronounced oscillatory, force effect became 
evident on the roof surfaces under certain upwind barrier 
conditions. In order to obtain further data on the frequency 
and magnitude of these oscillatory forces, oscillograph 
traces of the output from the weighing bars were analyzed. 
This analysis included roof slopes of 2/12, 5/12, and 12/12, 
respectively, with a roof length to front height ratio of 
1.5; and roof slopes of 5/12 and. 12/12 with roof length to 
front height ratio of J.O. 
Examination of the oscillograph traces revealed that 
oscillatory forces consistently appeared only with an upwind 
barrier treatment that consisted of a solid barrier spaced 
8 times the shelter front height from the shelter. Oscilla­
tory forces were not observed with a ventilated barrier 
upwind from the. shelter. The oscillatory forces existed at 
all roof slopes, but seemed to be more pronounced at flatter 
roof slopes. 
The analysis was therefore limited to the oscillograph 
traces for model treatments 2, 7, 12, and 17, as specified 
in Figure 18. A typical, 3 cm. long segment of the oscillo­
graph trace for each of the reactions on the roof surfaces 
was selected. Each half-cycle oscillation within the selected 
segment was counted and the amplitude was measured to obtain 
loi 
a mean frequency and a mean amplitude of oscillation. Since 
the oscillograph chart drive speed was 2.5 cm. per sec., the 
trace segment examined covered a time period of 1.2 sec. 
The amplitude for each treatment and reaction was divided by 
the mean height of the trace above the base line to obtain 
the ratios tabulated in Table XIV. The frequency data are 
tabulated in Table XV. 
Since all of the oscillatory effects were characterized 
by the presence of a barrier, it was hypothesized that the 
oscillatory forces resulted from a system of large eddies 
induced by the barrier and shed from the upper edge of the 
barrier. These eddies were carried downwind against the 
shelter, where they caused pressure oscillations as each 
eddy was dissipated with resultant pressure change. It 
appeared that this system of eddies might be comparable to 
the so-called Von Karman vortex trail that is produced in 
the wake of cylindrical objects suspended in an air stream. 
Den Hartog (13s pp. 3^5-3^9) used the Von Karman vortex 
system to explain self-induced oscillations of structural 
elements in a wind stream. For example, he explained self-
induced oscillations of water observed in a large oil storage 
tank by wind eddies or Von Karmém vortices shed from the 
upper edge of the tank. The frequency of the waves generated 
in the tank agreed with theory. Den Hartog used the Strouhal 
number, Df/U, to describe the vortex system, wherein D is the 
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TABLE XIV Ratio of amplitude of oscillatory 
trace to mean trace height 
Vhf © hD/hf Reaction 
1 2 5 4 Mean 

























Mean 0.41 0.40 0.82 0.96 0.65 
Mean - 1.14 1.15 2.76 8.52 5.54 












































Mean 0.84 0.70 2.95 6.51 2.70 
Mean 5/12& 
12/12 
1.68 5.91 1.89 4.16 2.91 
Meansj 5/12 & 12/12 1.41 2.52 2.55 6.24 5.15 
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TABLE XV Frequency of oscillatory loads 
on model roof surfaces 
© h0/hf 
Frequency, Cycles per Second 



































Mean 57.5 58.5 29.5 29.5 55.8 
Mean - 52.2 52.5 28.0 28.5 50.5C 






































Mean 38.O 59.5 58.0 55.0 57.6 
Mean 5/12 & 
12/12 
56.5 57.0 55.8 54.8 56.0 
Means, 5/12 & 12/12 54.5 54.8 51.9 51.6 55.2 
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characteristic dimension of the object in the air stream, 
!,f!: is the frequency of a cycle of vortices consisting of a 
pair of vortices shed from alternate sides of the object, and 
U is the wind stream velocity. The vortex system is charac­
terized by a Strouhal number of 0.22, according to Den 
Hartog. Therefore, the frequency of the vortices is f = 
0.22 U/D. 
V/hen an object such as a wind barrier on the ground is 
exposed to wind flow, vortices can be shed only from the free 
or upper edge. In the present study, it was hypothesized 
that this arrangement produced the same behavior as an object 
of twice the size or height in a free windstream. This is 
illustrated in Figure 46. 
Accordingly, the frequency of forced vibration of the 
roof surface as observed on the oscillograph traces should 
have been comparable to computed frequencies according to a 
Strouhal number of 0.22. The mean velocity, U, in the wind 
stream approaching the barrier in the zone between the floor 
of the testing channel and the top of the barrier was computed 
for the wind tunnel velocities used in the experiments. This 
was done on the basis of the exponents listed in Table VI. 
The mean velocities in the barrier zone were found to be 50 «5 
ft. per second, for the experiments with a model roof length 
to front height ratio of 1.5; and 45.6 ft. per second for a 
corresponding ratio of 3.0. For the barrier height of 0.125 
Vortex Spacing^ 










f s S/y 
"r lf-0.22 
Figure 46 Hypothesis of von Karman vortices in the wake 
of a barrier on the ground 
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ft., -D" la the Strouhal number was then 9.2^ ft. The computed 
frequencies according to f = 0.22 U/D are listed in Table XVI 
together with the observed frequencies. lood agreement existed 
between the computed frequencies and the observed maximum 
frequency, although the mean of the observed values was approx­
imately 20 to 25 percent lower than the computed values. In 
analyzing the oscillograph traces, "dead" sections were 
occasionally observed in the trace segment that was being 
scrutinized. These "dead" sections appeared to be due to 
erraticity in the wind flow pattern. The consequent decreased 
count of cycles could have accounted for much of the disparity 
between the computed frequencies and the mean of the observed 
values. 
The data in Table XIV on the ratio of the amplitudes of 
the oscillograph traces to the mean trace heights were ana­
lyzed to obtain information on the magnitude of the oscilla­
tory forces relative to the steady-state forces. As a basis 
for this analysis, it was assumed that the oscillatory forces 
due to impingement of the vortices were a sinusoidal function 
of time and were applied to the midpoint of each roof segment. 
Then, as Thomson has shown (53» P- 125), only linear motion 
of the roof surface was produced, since a condition of zero 
coupling existed as regards interaction of angular and linear 
vibration of the roof surface. Zero coupling existed because 
the stiffnesses of the four weighing bars that supported each 
167 
Table XVI Computed and observed frequencies 
of oscillatory wind forces, cycles 
per second 
LA Computed Observed 
Maximum Mean 
1.5 44.5 45.C 36.C 





roof surface were essentially equal, and the roof surface 
center- of gravity was equidistant from the four weighing bar 
attachments. Thus, the vibrating roof surface was amenable 
to treatment as a simple, undamped forced vibration system 
w i t h  a  s i n g l e  d e g r e e  o f  f r e e d o m  a s  p r e s e n t e d  b y  T h o m s o n  ( 5 3  >  
Chap. 4). According to Thomson (53} p. 64) the maximum 
amplitude of oscillation, X, of a system with single degree 
of freedom and subjected to an oscillatory force of FQ sinwt 
is -X = P0/(k-moo^) if damping is negligible. In the fore­
going expression, 
k = stiffness of the suspension, lb./ft., 
m = mass of the vibrating element, 
w
= frequency of the applied oscillatory force. 
- 2 Rearranging this expression, F = kX-muj x 
— ( 1 — mto /k) 
is obtained. The term "kX" is the maximum reaction R 
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on the weighing bars, and is proportional to the maximum ampli­
tude of the oscillograph trace. The average stiffness of the 
weighing bars was determined by direct measurements and plot­
ting of a' load-deflection graph for each bar.. The average 
value of Kk" was found to be 99.8 lb. per. ft. The weights 
of the roof surface elements were 5° and 100 grams, respec­
tively, for the shorter and longer roof surfaces. Using the 
maximum observed frequencies of 45.0 cycles per sec. for the 
shorter roof surface and 39.0 cycles per sec. for the longer 
roof surface, the values for the term mw /k were found to be 
for the shorter roof surface, 0.0732; and for the longer roof 
surface, 0.109. If the steady-state reaction is designated 
B , the ratio of the oscillatory force to Bg can be written 
F /E = R /B (1 -moo ^ /k) 
OS OS 
or, 
F /B = X /X (1 -mojZ/k) 
OS OS * 
Thus, it is seen that the ratios of the oscillatory forces to 
the steady-state wind forces are equal to the values listed 
in Table XIV multiplied by 0.927 for L^/h = 1.5; and by 0.891 
for L„/hCT = 3.0. These ratios will be valid for prototype 
conditions if the effective size of the vortices which cause 
the oscillatory loads increases in proportion to the increase 
in size of the barrier that induced the prototype vortices. 
169 
Velocity Patterns 
Data were collected on wind speed through the shelter 
for each of the shelter treatments wherein a ventilation slot 
existed in the rear wall of the shelter; and on the velocity 
pattern that existed over the shelter. The latter experiments 
were conducted for validation of the model results in a pro­
totype structure. 
In these wind velocity studies, the pertinent variables 
were : 
u = wind velocity parallel to the flow stream 
line at the point of velocity measurement, 
U = a mean wind speed that characterizes the wind 
between the ground and the ridge height, 
before disturbance due to building has 
occurred, 
h = vertical position coordinate in ft. above the 
• roof at which velocity, "u" is measured, 
h = front height of the building. 




tru = h/-nf 
In order to have similarity of flow pattern it is neces­
sary that these additional pi terms be the same in the model 
and prototype. 
i?c 
Velocities through leeward wall openings 
The value of 77j was computed for each of the model 
treatments used in the wind force reactions studies wherein 
a ventilation slot existed in the rear wall of the shelter. 
The wind velocity, "u", was measured at midheight of the venti­
lation slot. The value used for the mean appoach wind speed, 
U, was the same as used in computing 77^ for- the measurements 
of wind force reactions made at the time that the velocities 
were measured through the ventilation slot. 
The values of Tf for each of the treatments 6 through 
10 = 
10 and 16 through 20 are listed in Table XVII and graphed in 
-1 
Figure 4? as a function of sine (tan ~ ©). No velocity 
measurements could be made for treatments 1 through 5 and 11 
through 15 since no rear wall ventilation slot existed with 
these treatments. 
Inspection of Figure 4-7 revealed that the position and 
nature of the upwind barrier had a much more pronounced effect 
on wind flow through the shelter than roof slope. For example, 
installation of a solid barrier upwind 8 times the building 
front height reduced the wind speed through the shelter so 
that Tf was reduced from C.65 without a barrier down to 
10 
zero with a barrier at a roof slope of 4/12 and a roof length 
to front height ratio of 3.0. Also, the effect of roof slope 
was radically altered by changes in upwind conditions. A solid 
barrier relatively close to the open front caused an increase 
Table XVII 7ïf0 for wind flow through 
rear-wall ventilation slot 
Hoof Slope 
Treatment 
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S i n e  ( T a n 1  0 )  
Figure 47 "TT for wind speed through 
rear-wall ventilation slot 
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in 'i with increased, roof slone, but when no urawind barrier 
10 
was present, wind flow through the ventilation slot decreased. 
The effect of roof slope was qualitatively the same for a 
roof length to front height ratio of either 1.5 or 3.0. For 
treatments wherein a barrier was absent, or a solid barrier 
was upwind 8 times the front height, the shorter roof length 
resulted in increased wind flow as compared to that for a 
longer roof length. 
A comparison of Figure 4-7 with the data in Tables XI and 
XII gives further insight to the nature of the flow through 
and around the models. For instance, in treatment 7 the in­
tercept and slope for Tf on sine (tan _1 ©) are +0.022 and 
1 
+0.008, respectively, for reaction point 5 at the top of the 
rear wall; and +0.045 and -0.011 for reaction point 6 at the 
bottom of the wall. Figure 47 shows that appreciable outward 
flow occurred through the ventilation slot for treatment 7• 
Thus, it appears that wind flow through the shelter occurred 
from a lower pressure region within the shelter to a higher 
pressure region in the lee of the shelter. As the wind flow 
left the ventilation slot, it experienced rather sudden velo­
city loss with some recovery of static head to produce a small 
net inward pressure on the rear wall. It fo-llows that, for 
wind flow to enter the building, a low-pressure, high velocity 
region existed at the open front. This is clearly evident in 
Figures 27 and 28, where several streamlines of smoke are 
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visable crowded together and diverted downward into the open 
front just under the eaves. As a result, a region at the 
open front under the eaves of the roof experienced relatively 
high velocities due to an upwind, solid barrier and a ventila­
tion slot in the rear wall. A region of reduced static 
pressure existed, within the shelter, compared to that in the 
main flow. In general, it would appear that the reduction 
in pressure inside the shelter relative to the reduction in 
the wake will determine whether the resultant pressure on the 
leeward roof and. wall is inward or outward. This general 
flow pattern that prevailed with a solid upwind barrier and 
a rear wall ventilation slot is somewhat analagous to that in 
a diffuser. It appears that it is not valid to generalize 
that because wind blows into a shelter the resultant pressures 
will always be outward on the leeward surfaces. 
Comparison of model and prototype velocity patterns 
A study was conducted to compare the wind velocity pattern 
over the model with that which prevailed over a full-size or 
prototype structure. Since normal forces on open-front 
shelter surfaces arise because of acceleration of the air 
stream at the surface or at the boundary of the wake it 
follows that if the velocity patterns at similar points are 
the same for model and prototype, the normal pressure at simi­
lar points must also be the same. This hypothesis was used 
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as the basis for an indirect method of validating the model 
studies. It was assumed that the direction of the flow 
streamlines was the same in model and prototype as determined 
from the smoke flow visualization studies. It was not found 
feasible to accomplish direct validation by measurement of 
normal forces on the prototype- shelter, and then to compare 
these with force measurements on a similar model. 
The velocity natteras were compared on the basis of Tf . 
10 
For the model, U was defined in the same manner as for the 
studies of wind flow through leeward wall openings. For pro­
totype shelter, U was defined as 
u ' = ridge height above general level of terrain 
upwind from the shelter, 
U = elevation above general level of terrain 
upwind from the shelter. 
The power law relationship obtained by measurement of 
the variation of wind speed with height above terrain upwind 
from the shelter was combined with the definition of U to 
m 
where = ridge height above grade at the shelter 
give 
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In this expression, "n": is the slope of the log-log plot 
of u/u^^ versus y/y^^ for the wind velocity measurements over 
the pasture upwind from the prototype shelter. These are 
plotted in Figure 48 with the line fitted by least squares 
with a slope of n = 0.302. 
The results of the computation of Tf for one proto-
10 
type and the two model conditions, viz., with II /h„ = C.O 
o x 
and h /h^ = 0.4 are given in Table XVIII and graphed with 
reference to the shelter in Figure 49. 
The plots of Figure 49 indicate that the velocity patterns 
with the two model treatments and the prototype were similar 
in character according to the variations of Tf with h/h . 
10 f 
The values of 77^ with h/h^.for the prototype are consis­
tently larger than for the model with h /h = 0.4. This is 
o i 
also true for the model with h^/h = 0.4 as compared to the 
model with hQ/ii^ = 0.0. This behavior appeared to be con­
sistent with the differences in character of the shelters. 
The prototype flow was three-dimensional so that some of the 
wind flow near the ground passed around the ends of the 
shelter. Likewise, for the model with a leeward wall opening, 
some of the wind near the ground flowed through the opening. 
The wind flow in two-dimensional flow when no leeward wall 
opening existed is partially dissipated in formation of eddies 
within the shelter. The result of the upward divergence of 
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ÎÂBLr, Xvlll "values of H[Q for wind over model 
and prototype shelters 
Station 
7^ , for Models Tf for Prototype 
H/H^, 
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the flow pattern appeared to be a reduction in wind velocity 
over the roof, as compared to three-dimensional flow, or two-
dimensional flow with a leeward wall opening. This behavior 
is in accord with the smoke streamline patterns that appear 
in Figures 25 and 26. In Figure 26 most of the flow between 
the ground and the eaves escaped through the leeward wall 
opening. Four well-defined smoke streamlines can be counted 
between the ridge and the second grid line above the ridge. 
In Figure 25, upward divergence of the flow pattern is 
evident and only three smoke streamlines exist between the 
ridge and the second grid line above the ridge. 
A localized difference in the velocity pattern for the 
prototype as compared to the models appeared immediately over 
the ridge. This was attributed to the streamlining effect 
of the round ridge cap installed on the prototype. A model 
ridge cap was not installed on the models. 
It appears that the velocity pattern is essentially the 
same for model and prototype. Differences in magnitude of 
the velocity parameter Tf seem to be due to effects of 
10 
three-dimensional as compared to two-dimensional flow; and 




Variation of Wind Speed With Height 
The results of this study were obtained with a single 
-"typical" wind velocity pattern of variation with height 
above the ground. Even though two different wind velocity 
patterns may have the same total dynamic head within a 
vertical zone, force effects on objects in the wind stream 
may differ between the velocity patterns because of possible 
differences in the flow patterns that develop around the 
obstacle. In this study, the values of Tf were all based 
on the mean dynamic head between the ground and the ridge. 
It is possible that other wind patterns with the same mean 
dynamic head would produce a somewhat different pressure 
distribution. It would appear that more attention should be 
given to the variation of wind velocity with height in con­
ducting wind force experiments on low structures, as well as 
in designing low structures. 
More information would be desirable on the variation of 
velocity with height above ground during storm conditions in 
the zone between the ground and about 30 ft. All of the 
observed data reported in the literature thab was reviewed 
were obtained either during relatively mild winds, or were 
measured at much greater heights than would be applicable to 
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low shelters such as were involved in the present study. The 
importance of having such data available is illus 
Figure 53. This graph compares computed values of 
i  o vi"a uso. oy 
J 
^n = 0.25/^n = C.O' ^ 
ana 
^°n = 0.25^n = O.15' ^ 
Here, "q;: denotes the dynamic wind pressure at a specific 
height, and the subscript denotes the values of the exponent 
f:n" in a power law expression for the velocity profile. 
For example, the dynamic pressure 13 ft. above the 
ground in a wind velocity pattern that follows a power law 
with an exponent n = 0.25 is only 80 percent of the dynamic 
pressure in a wind pattern that follows a power law with an 
exponent of n = 0.15, even though the two winds have the 
same velocity at an index height of 30 ft. If the same 
comparison is made between two wind patterns that follow 
power laws with 21 = 0.25 and 11 = 0. " !, respectively, the 
dynamic pressure at 10 ft. in the former is only about 53 
percent of the pressure in the latter. Also, the index 
height used to define the velocity variation will have some 
influence on the stagnation pressures that exist, as is 
evident from the curve in Figure <0 based on an index height 
of 50 ft., compared to the one based on an index height of 3 * 
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the exponent "nri, although values over a fairly wide range 
have been suggested. 
Viscous Effects 
It was hypothesized in the present study that viscous 
effects on wind forces normal to the building surfaces were 
unimportant. This seemed to be appropriate in view of the 
sharp-edged character of the models that were tested, and 
the evidence of previous investigations. The results 
obtained with regard to effects of roof length on wind force 
reactions indicated that the average positive pressure for 
the steepest roof slopes of 12/12 and 9/12 on the outer sur­
face of the leading roof increased rather than decreased when 
roof length was doubled. This did not seem to be in accord 
with the usual behavior of a drag coefficient in which 
pressures decrease or remain constant with increasing size. 
It was found that the general trend for all of the 
reaction data was a decrease in Tf ^  when roof length was 
doubled. The mean percentage decrease was approximately 
24 percent. The effect was significant at the 99.4 confi­
dence level for a statistical analysis for the effect of 
barrier presence; but not significant in the analysis for 
the effect of barrier variables. In both cases, the lowest 
variance ratios were due to either the effect of roof length 
or roof slope. 
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It appears that viscous effects which would be expected 
to influence the point of separation of flow from the lead­
ing roof surface, and which would therefore be a function 
of roof length do not explain the increase in negative 
pressures that generally accompanied a decrease in roof 
length. However, this decrease does occur, and should be 
taken into account. 
Wind Force Reactions for 
Open-Front Shelters 
The values of Tf ^ tabulated in Figures 37 through 4v 
are applicable for estimating wind force reactions for 
prototype shelters. It should be noted that the total wind 
force on each component surface is that which corresponds 
to the sum of the T1 ^1 s for each surface. For example, the 
total wind reaction on the leading roof surface for treat­
ment 1, roof slope of 2/12, would correspond to the sum of 
the values of -0.1118 and -0.2965,'or -0.6083, say -0.6l. 
This value can be regarded as an average pressure coefficient 
for the entire leading roof surface for that treatment and 
roof slope. The sign convention employed here denotes 
pressure coefficients corresponding to a net outward force 
with a minus sign. The signs in Figures 37 through 4c are to 
be .taken as minus where no sign is indicated. 
It should be noted that reactions computed by the 
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application of the reaction parameters "TT ^, are normal to 
the roof surface. These reactions may be used to compute 
uplift and horizontal forces transmitted to the building 
frame; and overturning moments from the roof frame. 
No observations of pressure distribution over roof or 
wall surfaces were made in the present study. If it is 
assumed that the pressure varies linearly and uniformly 
over the surface, the pressure distribution can be computed 
from the values of the two reactions at the two extremities 
of each roof or wall surface component. 
In no case were values of TT obtained that indicated 
1 
that full stagnation pressures corresponding to the mean 
dynamic head were developed over a complete surface. Other 
studies have shown that pressures close to the stagnation 
value for the unobstructed wind could be developed over 
certain areas of buildings. However, when an entire roof 
surface is involved, these high localized pressures would be 
offset to some extent by lower pressures over other portions 
of the surface. 
The trailing roof surface generally was subjected to 
larger suction forces than the leading roof surface. The 
average value of T|^ was largest for reaction point 3> or 
at the ridge of the trailing roof surface. With regard to 
roof slope, greatest suction effects occurred with the flat­
test roof slopes of 2/12 and 1/12. 
IS? 
The large reduction in wind force reactions due to the 
presence of a barrier is a circumstance which should be con­
sidered when estimating wind loads on buildings which are of 
about the same height as surrounding natural or man-made 
barriers such as groves, fences, or other buildings. In 
general, the wind forces can be reduced by several fold due 
to the presence of an upwind barrier consisting of a solid 
or perforated screen only 0.8 as high as the eaves at the 
front of the building. 
Ventilation of an upwind barrier with 50 percent of the 
area in openings results in a marked change in pressure dis­
tribution as compared, to a solid barrier. The wind forces 
when a solid barrier exists are characterized by a net 
inward direction, but when the barrier is ventilated, the 
directions are generally outward. 
Model and Prototype Velocity Patterns 
A comparison of model and prototype wind velocity patterns 
revealed, a correspondence In the general pattern, "out a dif­
ference in magnitude of the velocity parameter that seemed to 
be explainable by expected differences between two and three-
dimensional flow as well as differences due to local con­
struction details. It was assumed in all of the velocity 
measurements over model and prototype roofs that the direc­
tion of the wind streamlines was the same as the directions 
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measured on the smoke flow patterns of a similar structure. 
If this assumption is In accord with reality, the similarity 
in model and prototype velocity patterns is further evidence 
that the results from the wind force reaction measurements 
are valid for prototype buildings of much larger size. 
Oscillatory Forces 
The existence of oscillatory forces, that are consis­
tent with the hypothesis that they were caused by a von 
Karman vortex trail induced by an upwind barrier would seem 
to be an important consideration in estimating maximum wind 
forces on low buildings. The oscillatory force was found to 
be several times larger than the steady-state force, and to 
be superimposed on the steady-state force. Under prototype 
conditions, it appears that the frequency of the oscillatory 
force would be so low that resonance with structural elements 
or coverings would be unlikely. However, the energy im­
parted to building surfaces due to large oscillatory forces 
might be a factor in working and loosening of fastenings. 
Apparently, ventilated barriers, or barriers close to the 
front of a low building do not induce vortices that produce 
oscillatory loads on building surfaces. 
Wind Velocities Through Rear-Wall Openings 
The data of Figure 4? indicate that wind speed through 
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a rear-wall opening can be markedly Influenced by an upwind 
barrier. In hot weather areas, maximum wind flow through 
a shelter is generally desirable for livestock confort. It 
is apparent that even a ventilated barrier reduces wind 
flow through flatter-roofed shelter by about 1/2 if the 
barrier is relatively close to the front of the shelter; 
and by about 1/3 if the barrier is farther upwind. 
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SUMMARY 
Experiments were conducted with models in a wind tunnel 
to study the effects of certain variables of shape and 
arrangement on wind force reactions developed on typical 
open-front livestock shelters. The shape and arrangement 
variables included roof slope, roof length measured along 
the slope, ventilation slots in the leeward wall; and 
upwind barriers or windscreens with variations in position 
and ventilation. 
The experiments were conducted in a two-dimensional 
flow channel in which a wind velocity profile was developed 
to simulate a typical, naturally-occurring gradient. All 
the experiments were performed with wind blowing into the 
open front of the shelter. Reactions developed by wind 
forces on the component surfaces were measured, directly 
by means of a model suspension system of weighing bars and 
SR-4 strain gages. The schedule was so designed that the 
effects on the reaction parameter of a range of variation 
in each of 6 pi terms could be evaluated with all other pi 
terms held constant. All variables were organized according 
to the Buckingham Pi theorem. An experiment was conducted 
to measure wind velocities over a prototype shelter for 
comparison and validation of the model experiment results. 
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The data obtained by models on wind force reactions 
were subjected to statistical analysis of variance. A re­
gression analysis was conducted on the data to fit the linear 
expression, 
TT1 = a + b sin (tan _10 ) 
to the data in order to obtain estimates of the trend of 
ft1, the wind force reaction parameter, with variations in 
slope, 0 . A multiple range analysis was conducted on the 
values of "a!: and !5bf; in the foregoing expression. 
It was found that the effects on wind reactions of 
variations in roof slope and roof length were much weaker 
than the effects of variation in upwind barriers or of a 
ventilation slot in the rear wall. In no case were reactions 
found that indicated an average wind pressure as great as 
the mean upwind dynamic head on either the leading or trail­
ing roof surface, or the leeward wall surface. Oscillatory 
forces on the roof surfaces were found to exist when a 
solid barrier or wind screen with a height of 0.8 of the 
shelter front height was located upwind 8 times the shelter 
front height. These oscillatory forces were found to be 
explainable by a hypothesis of von Karman vortices shed, from 
the edge of the barrier. 
The velocity patterns measured over the prototype 
shelter agreed qualitatively with the patterns over the model. 
Relatively small, quantitative differences existed, and 
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seemed to be caused by the effects of three-dimensional flow 
over the prototype as compared to two-dimensional flow over 
the model, and by local construction details. 
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CONCLUSIONS 
Wind Velocity Gradient 
Realistic estimates of wind forces on low shelters 
(i.e. those with over-all heights of about 20 ft. or less) 
should be based on an appraisal of the variation of wind 
speed with height (p. 182). This variation will depend on 
ground cover, height, wind speed, and turbulence in the 
wind; but can be adequately characterized by specifying a 
velocity at some index height and a value for an exponent 
in a power law expression for the velocity profile. 
Model Similarity Requirements 
A natural wind velocity profile can be simulated by 
use of appropriate screens ahead of the model (p. 96;. The 
wind profile in which the models are tested should simulate 
the one that will occur during windstorm conditions for the 
prototype (p. 64). 
Separation of flow occurs at either the leading roof 
eaves or at the ridge, so that the viscous effects are not 
an important factor in achieving similarity with regard to 
the point of separation of the wind flow from the building 
surface (p. 113b). However, roof length affects average 
pressures on roof and leeward wall surfaces because it 
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governs building height in relation to the geometry and sii 
of the wake formed by separation of flow (pp. 1^3-1^4). 
Agreement in character exists between the wind flow 
pattern- over an open front model with a 6/12 roof slope and 
a geometrically similar prototype 64 times as large. 
Differences in magnitude of the velocity parameter at 
corresponding points above the model and prototype exist, 
but are generally no larger than differences between the 
velocity parameter between two models similar except for a 
ventilation slot in the leeward wall of one model (pp. 1?6-
180). 
Steady-State Wind Force Reactions 
The values of T( tabulated in Figures 3? through 40 
may be used to determine the magnitude of wind-induced 
reactions on roof and wall surface components. These date 
can in turn be used to estimate wind forces and moments on 
the structural frames of open-front shelters (p. 185). 
order to apply the data dynamic head in the approaching 
wind in the height zone between the ground and the building 
ridge must be evaluated. 
A high level of statistical significance is associated 
with differences in wind force reactions due to (1) upwind 
barrier effects, including presence, position, and ventila­
tion of the barrier; (2) reaction point ; and. (3 ) roof length 
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(pp. 139-143)« The weakest effect is that.of changes In 
roof slope through a range of 2/12 to 12/12. Differences in 
roof length have no significant effect on wind force reac­
tions when an upwind barrier is present. The highest 
variance ratios are due to the presence end ventilation of 
an upwind barrier. 
Large reductions in wind force reactions can be 
achieved by provision of wind barriers or screens at least 
as far away as S times the eaves height of the shelter 
(pp. 135-138, 1-44). A ventilated barrier or screen is to be 
preferred, because a solid barrier may induce large eddies 
or vortices which cause oscillatory forces.on the building 
surfaces several times greater than the steady forces. 
Negative, or outward wind forces generally prevail over 
all surfaces of an open-front shelter when wind blows into 
the open front, except when a solid upwind barrier or screen 
exists. The presence of a solid barrier 0.8 times as high 
as the eaves of the shelter causes the wind forces to be 
generally positive, or inward. Largest negative pressures 
exist when the shelter is unprotected by a wind screen or 
barrier, and when the roof has a relatively flat slope of 
3/12 or 2/12. Doubling the roof length measured along the 
slope causes a reduction in average wind pressures of about 
25 percent (pp. 135-138, 1^4). 
The results of the experiments do not support the 
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assumption that has sometimes been macie -cnat tne outward or 
negative wind forces on leeward surfaces of a structure with 
large openings Into which the wind blows are equal to the 
negative pressures measured on the outer faces of leeward 
surfaces plus the positive pressure measured on outer faces 
of windward surfaces when the openings are closed. In no 
case are the average total wind for-ce pressures on the 
surface"of an open-front shelter as great as the mean 
stagnation pressure of the wind in the zone between the 
ground and the ridge (pp. 135-12%). 
A linear regression of the reaction force parameter 
on the sine of the roof slope angle is an adequate repre­
sentation of the effect of roof slope on the trend of the 
parameter. The standard error of estimate of the regression 
is approximately 0.0152, but is larger for shelters which 
are not screened by en upwind barrier (p. 156). 
Oscillatory Wind Forces 
Oscillatory wind forces on the roof surfaces are induced 
by large eddies or vortices shed from the top of a solid up­
wind barrier. In a prototype shelter, the frequency at which 
these vortices are shed would probably be too low in compar­
ison to the natural frequency of structural elements in the 
shelter for resonance. However, the oscillatory forces are 
large in comparison to the steady-state forces, so that 
19? 
"working" of fastenings for coverings could occur (p. 188j. 
Wind Flow Through Open-Front Shelters 
When a continuous ventilation slot of 0.4 the height of 
the open front is provided in the leeward wall, roof slope 
has a strong effect on the velocity through the ventilation 
slot in relation to the mean velocity between the ground 
and the ridge. When no upwind barrier exists, very flat 
roofed shelters with a roof slope of 2/12 have wind velc-
cities through the ventilation slot that are nearly as high 
as the mean, wind velocity approaching the shelter. However, 
wind velocities through the slot are less than half the mean 
velocity approaching the shelter when the roof has s steeper 
slope of 12/12 (pp. 170-173). 
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SUGGESTIONS FOE FUETHEE.RESEARCH 
Wind Profile 
Very little information can be found on how wind velocit 
varies with height above ground during storm conditions in 
the zone near the ground, although much information is avail­
able on the wind profile during mild or moderate wind 
conditions. Until research and information is available 
based on actual observations of wind velocities during 
windstorm conditions in the zone between the ground and 
heights of about 30 ft., estimation of design wind velocities 
for farm and other kinds of light building construction is 
apt to be quite unrealistic. 
The present study resulted in wind force reaction para­
meters based on the mean dynamic head in the wind stream 
between the ground and shelter ridge height. It is not known 
however, whether or not wind velocity profiles of different 
shapes but which are characterized by the same mean dynamic 
head, will produce the same wind force effects on a low 
shelter. Eo information in the literature could be found 
relative to this question. Further research on how wind 
forces vary with differences in the approaching wind profile 
would perhaps enable one to estimate wind forces with greater 
precision for low structures. 
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Wind Barriers 
It appears that the presence of a wind barrier such as 
a solid or slatted fence, or a line of trees or hedge upwind 
from a shelter can have more effect on wind forces than any 
shape or arrangement characteristic in the building. A 
detailed investigation of how barrier height, position, and 
ventilation influence wind forces on buildings would help 
insurance underwriters, designers, and others to evaluate 
the shelter effect of fences, trees, and other buildings. 
Vortex Formation 
A sharp edge surmounting a solid barrier or other 
obstacle in a wind stream apparently can induce the formation 
of vortices which impinge on downwind surfaces to cause pres­
sure oscillations. Further research that would yield more 
precise information on the size of these vortices and the 
area enveloped by them when they impinge on a surface could 
possibly lead to a better understanding of the oscillatory 
loads that roof coverings, including sheet metal roofing and 
shingles, and their fastenings may experience. It is possible 
that vortices shed from the leading edge or eaves of a roof 
induce flaminc? of shingles, or "working" of metal coverings. 
Open screens at edges likely to induce vortex formation could 
perhaps prevent their formation. These possibilities might 
well be the subjects of further research. 
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boundary layers Over hoof Surfaces 
Research en the development and character of the 
boundary layer flow at the surface of an inclined plane such 
as a sloping roof surface exposed to wind would be helpful 
in obtaining a better understanding of heat transfer from 
roof surfaces such as aluminum, and of shear drag on roof 
coverings such as asphalt composition shingles. For example, 
much interest exists in the inherently low absorptivity for 
solar irradiation of aluminum roof coverings because it 
apparently helps to maintain more comfortable conditions 
within livestock shelters during hot weather. It is quite 
possible that the character of the boundary layer flow over 
roof surface can have as much influence on roof covering 
temperatures that exist under strong solar irradiation as 
the absorptivity of the covering for solar irradiation. It 
may be possible to control the boundary layer by choice of 
proper roof slope, exposure, and surface roughness in such 
a way that greater convective cooling would result and 
confort conditions in the shelter would be improved. 
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